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FOREWORD 
This r epor t  was prepared by Arthur D .  L i t t l e ,  I n c . ,  Cambridge, Massachusetts 
under USBM Contract  No. H0122026. The con t rac t  was i n i t i a t e d  under t h e  
Coal Mine Health and Safe ty  Research Program. It was administered under 
the  t echn ica l  d i r e c t i o n  of t h e  P i t t sburgh  Mining and Safe ty  Research Center 
with M r .  Howard E .  Parkinson a c t i n g  a s  the  t echn ica l  p r o j e c t  o f f i c e r .  
M r .  F rancis  M. Naughton was t h e  con t rac t  adminis t ra tor  f o r  t h e  Bureau of 
Mines. 
This r epor t  i s  a  summary of t he  work r ecen t ly  completed a s  p a r t  of t h i s  
con t r ac t  during the  period August 1971 t o  December 1973. This r e p o r t  was 
submitted by t h e  au thors  i n  January 1974. 
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INTRODUCTION 
This  f i n a l  r e p o r t  documents t h e  work done by Arthur  D.  L i t t l e ,  I n c .  (DL) 
on beha l f  of t h e  U.S, Bureau of Mines, I ' i t tsburgh Mining and Sa fe ty  Research 
Center  (PMSRC) , on Cont rac t  80122026 (which began i n  August of 1971) .  
Under t h i s  c o n t r a c t  ADL provided t e c h n i c a l  a s s i s t a n c e  t o  t h e  Bureau on a 
t a s k  b a s i s  on v i r t u a l l y  a l l  a s p e c t s  of  t h e  Bureau's programs r e l a t e d  t o  
p r e sen t  and planned emergency and o p e r a t i o n a l  communications and miner 
l o c a t i o n  systems f o r  underground c o a l  mines. The work c o n s i s t e d  of i n -  
dependent i n v e s t i g a t i o n s ,  ana ly se s ,  exper iments ,  breadboard and p ro to type  
hardware development, workshops and technology t r a n s f e r  seminars  on mine 
communications, and on-going eva lua t i ons  and guidance r e l a t e d  t o  t h e  
Bureau's con t r ac t ed  programs on e lec t romagnet ic  n o i s e ,  mine communica- 
t i o n s  systems,  and t rapped  miner l o c a t i o n .  This  f i n a l  r e p o r t  documents 
t h e  work i n  two volumes, Volume I, ItEme:rgency and Opera t iona l  Mine Commun- 
i c a t i o n s , "  and Volume 11, "Seismic Detec t ion  and Locat ion of I s o l a t e d  Miners." 
The Tables  of Contents of bo th  Volumes a r e  inc luded  i n  each Volume. 
Phase I of t h e  c o n t r a c t  was devoted t o  performing an in-depth assessment 
of  e l ec t romagne t i c  n o i s e  measurements t aken  by s e v e r a l  c o n t r a c t o r s  and 
o t h e r  i n v e s t i g a t o r s ,  and then d e f i n i n g  a new n o i s e  measurement program 
and i n s t rumen ta t i on  system t a i l o r e d  t o  o b t a i n  t h e  necessary  b u t  miss ing  
n o i s e  d a t a .  These d a t a  a r e  r equ i r ed  f o r  use  i n  t h e  des ign  of  new emergency 
and o p e r a t i o n a l  communication systems. This  work, and t h e  follow-on 
coo rd ina t i on  and guidance a c t i v i t i e s  of ADL on t h i s  n o i s e  measurement 
program i n  subsequent phases  of t h e  c o n t r a c t ,  a r e  t r e a t e d  i n  P a r t  One of  
Volume I. 
The l a t t e r  p a r t  of  Phase I and p a r t  of Phase I1 inc luded  p re l im ina ry  per- 
formance p r e d i c t i o n s  r e l a t e d  t o  through-the-earth e lec t romagnet ic  com- 
munication systems. These p r e d i c t i o n s  were based on a v a i l a b l e  t h e o r e t i c a l  
s i g n a l  p ropaga t ion  r e s u l t s  and on r e c e n t l y  acqui red  n o i s e  d a t a  a t  s e v e r a l  
c o a l  mines.  This  work i s  t r e a t e d  i n  P a r t  Two of Volume I. 
I n  Phases 11, I V  and V ,  i n v e s t i g a t i o n s  were conducted r e l a t e d  t o  w i r e ,  
guided-wireless  and w i r e l e s s  communicat:ions systems f o r  communicating 
w i th  rov ing  v e h i c l e s  and personne l  underground. This  work i s  documented 
a s  fo l lows .  P a r t  Three of  Volume I t r e a t s  guided w i r e l e s s  c o m u n i c a t i o n s  
v i a  l eaky  c o a x i a l  c a b l e ;  P a r t  Four t r e a t s  w i r e l e s s  communications i n  mine 
t unne l s  a t  UHF f r equenc i e s ;  P a r t  Five t r e a t s  guided w i r e l e s s  c o ~ u n i c a t i o n s  
down deep h o i s t  s h a f t s ;  P a r t  S i x  t r e a t s  a s p e c t s  of t r o l l e y  w i r e  comunica-  
t i o n s ;  and P a r t  Seven t r e a t s  a new mine pager t e lephone  t o  p u b l i c  t e lephone  
i n t e r connec t  system. 
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Another a s p e c t  of  Phase V inc luded  t a s k s  f o r  p rov id ing  a s s i s t a n c e  r e l a t e d  
t o  technology t r a n s f e r  seminars  on mine communications and t o  a workshop 
on through-the-earth e l ec t romagne t i c s .  P a r t  E igh t  of Volume I t r e a t s  
t h i s  work. Under Phases 11, I V ,  and V ,  ADL a l s o  provided a wide v a r i e t y  
of shor t - te rm t e c h n i c a l  support  and consu l t i ng  s e r v i c e s  n o t  d i scussed  i n  
t h e  above mentioned P a r t s .  This  short - term work i s  t r e a t e d  i n  P a r t  Nine 
of  Volume I ,  
I n  Phase 111 of t h e  c o n t r a c t ,  ADL performed another  in-depth assessment 
on a compressed t ime schedule ,  t o  provcde PMSRC wi th  independent tech-  
n i c a l  judgments regard ing  t h e  p o t e n t i a l s  and l i m i t a t i o n s  of  s e i smic  
methods and systems f o r  d e t e c t i n g  and l o c a t i n g  i s o l a t e d  miners .  Volume I1 
of  t h i s  r e p o r t  is devoted e n t i r e l y  t o  t h e  t rea tment  of t h i s  work. 
During t h e  course  of t h i s  c o n t r a c t  we prepared over  f o r t y  working mem- 
oranda, t e c h n i c a l  r e p o r t s ,  seminar papers ,  and workshop summary r e p o r t s ,  
i n  a d d i t i o n  t o  many in formal  memoranda and t h e  monthly t e c h n i c a l  r e p o r t s ,  
t o  keep PMSRC informed of t h e  p rog re s s  and f i n d i n g s  of  our  work a s  they  
developed. This  f i n a l  r e p o r t  is based on t h e s e  prev ious  memoranda and 
r e p o r t s .  
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PART ONE 
ASSESSMENT OF ELECTROMAGNETIC NOISE DATA 
AND DEFINITION OF A NEW MEASUREMENT PROGRAM 
The f i r s t  phase of our  work f o r  PMSRC on t h i s  c o n t r a c t  was devoted t o  a  
comprehensive and in-depth assessment of e lec t romagnet ic  (EM) n o i s e  
measurements and d a t a  taken by s e v e r a l  c o n t r a c t o r s  f o r  use i n  t he  des ign  
of o p e r a t i o n a l  and emergency mine communications. P e r t i n e n t  measurements 
and d a t a  of o t h e r  s e l e c t e d  i n v e s t i g a t o r s  were a l s o  included i n  t h e  eva l -  
ua t i on .  This  assessment t r e a t e d  t h e  measurements and in s t rumen ta t i on  
used,  t h e  d a t a  a n a l y s i s  and p r e s e n t a t i o n  methods, and t h e  u t i l i t y  of t h e  
f i n a l  r e s u l t s .  This phase concluded wi th  t h e  i d e n t i f i c a t i o n  of t h e  most 
u s e f u l  r e s u l t s  and methods, t h e  remaining d a t a  gaps,  t h e  c o n t r a c t o r  most 
q u a l i f i e d  t o  f i l l  t he se  d a t a  gaps,  and t h e  d e f i n i t i o n  (with PMSRC and 
t h i s  c o n t r a c t o r  - NBS, Nat iona l  Bureau of Standards)  of  a  follow-on 
n o i s e  measurement program, i n s t rumen ta t i on  system, and d a t a  process ing  
methods t a i l o r e d  t o  o b t a i n  t h e  necessary  b u t  missing n o i s e  d a t a .  A 
p a r t i a l  b ib l i og raphy  of r e f e r ences  r e l a t e d  t o  e lec t romagnet ic  and se i smic  
n o i s e  and propagat ion i n  t h e  frequency bands of  i n t e r e s t  was a l s o  compiled 
dur ing  t h i s  f i r s t  phase.  The body of  t h i s  P a r t  of t h e  f i n a l  r e p o r t  pre- 
s e n t s  a  summary of  t h e  f i nd ings  of our  EM n o i s e  assessment ,  t o g e t h e r  w i th  
d e t a i l e d  recommendations regard ing  t h e  new n o i s e  measurements t o  be taken 
and t h e  i n s t rumen ta t i on  and d a t a  processsing methods t o  be used. This  
work was done dur ing  t h e  l a t t e r  p a r t  of 1971 and t h e  e a r l y  p a r t  of 1972. 
During subsequent phases  of t h e  c o n t r a c t  ADL was asked t o  perform on-going 
e v a l u a t i o n s  of t h e  cont inu ing  program of e lec t romagnet ic  (EM) n o i s e  and 
propagat ion measurements made by Bureau c o n t r a c t o r s ,  and t o  u t i l i z e  per- 
t i n e n t  d a t a  from these  measurements t o  make performance e s t ima te s  f o r  
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candida te  operat ional /emergency EM mine communication and l o c a t i o n  systems.  
I n  t h i s  adv isory  and coo rd ina t i ng  c a p a c i t y ,  ADL p a r t i c i p a t e d  i n  program 
s t a t u s  and system review meetings w i th  t h e  NBS n o i s e  measurement team 
and o t h e r s ,  kep t  i n  c l o s e  touch w i th  t h i s  team between meet ings ,  and 
u t i l i z e d  s e l e c t e d  p o r t i o n s  o f  t h e  d a t a  a s  they  became a v a i l a b l e .  The 
p r i n c i p a l  f i n d i n g s ,  and conc lus ions  of t h e s e  meetings have been inc luded  
i n  t h e  Appendix t o  t h i s  P a r t .  They s e r v e  a s  a convenient  r e f e r e n c e  t o  
t h e  h i s t o r i c a l  development of  t h e  follow-on n o i s e  measurement program 
and a s s o c i a t e d  i n s t rumen ta t i on .  A s  of t h e  F a l l  of  1973 t h i s  measurement 
program has  been l a r g e l y  completed, and t h e  i n s t rumen ta t i on  system and 
n o i s e  d a t a  a r e  be ing  documented by NBS. 
The m a t e r i a l  summarized i n  t h i s  P a r t  and i t s  Appendix is based on s e v e r a l  
t e c h n i c a l  r e p o r t s  and working memoranda c r e a t e d  dur ing  t h e  f i r s t  and sub- 
sequent  phases  of t h i s  c o n t r a c t .  Performance e s t i m a t e s  r e l a t e d  t o  cand ida t e  
e l ec t romagne t i c  through-the-ear th  mine communication and l o c a t i o n  systems 
a r e  t r e a t e d  i n  P a r t  Two of t h i s  f i n a l  r e p o r t .  
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1 SUMMARY - ELECTROMAGNETIC NOISE ASSESSMENT AND RECOMMENDED MEASURE- 
MENT PROGRAE 
Five  c o n c l u s i o n s  t h a t  emerged from ADL ' s  C o n t r a c t o r  Noise  Measurements 
Assessment done i n  t h e  w i n t e r  of  1971-72, and t h e  7  December 1971  Bureau o f  
Mines c o n t r a c t o r s '  Round Table  Meeting i n  Boulder ,  Colorado were : 
a  l i m i t e d  amount of good d a t a  h a s  been 
ob t a i n e d  f o r  c h a r a c t e r i z i n g  t h e  n o i s e  
environment  f o r  e l e c t r o m a g n e t i c  (EM) c o a l  
mine opera t iona l / emergency  communications 
s y s  t e m s  ; 
s i g n i f i c a n t  n o i s e  d a t a  gaps  s t i l l  e x i s t ;  
s u i t a b l e  i n s t r u m e n t a t i o n  and d a t a  a n a l y s i s  
methods a r e  a v a i l a b l e  f o r  f i l l i n g  t h e s e  
d a t a  g a p s ;  
t h e  immediate and most i m p o r t a n t  d a t a  gaps 
s h o u l d  b e  f i l l e d  by means of  a  t i m e l y  f i e l d  
measurement e f f o r t  t h a t  i s  p u r p o s e l y  l i m i t e d  
i n  scope  and d u r a t i o n ;  
t h i s  f i e l d  measurement e f f o r t  s h o u l d  p r e f e r -  
a b l y  b e  c a r r i e d  o u t  by a  t'eam knowledgeable 
and e x p e r i e n c e d  i n  c o a l  mi,ne EM n o i s e  
measurements . 
T a b l e s  1, 2 ,  and 3* summarize some of  o u r  f i n d i n g s  and c o n c l u s i o n s  
w i t h  r e g a r d  t o  t h e  EM n o i s e  measurements,  p r o c e s s i n g  t e c h n i q u e s ,  and 
r e s u l t s  f o r  each  o f  t h e  Bureau of Mines c o n t r a c t o r s  and f o r  some o t h e r  
i n v e s t i g a t o r s .  Table  1 d e p i c t s  t h e  n o i s e  measurements made by each of 
t h e  c o n t r a c t o r s  and i n v e s t i g a t o r s  w i t h  r e s p e c t  t o  f r equency  bands 
covered ,  mine v e r s u s  non-mine, and o p e r a t i o n a l  v e r s u s  n o n - o p e r a t i o n a l  
c o n d i t i o n s ;  t o g e t h e r  w i t h  a  g r a p h i c a l  i n d i c a t i o n  of t h e  s i z e  of t h e  
d a t a  gaps remaining i n  each  o f  t h e  f requency  bands of  i n t e r e s t .  Tab le  2  
is a more d e t a i l e d  l i s t i n g  o f  s p e c i f i c  c o a l  mine l o c a t i o n s  and n o i s e  
s o u r c e s  of i n t e r e s t ,  and an i d e n t i f i c a t i o n  of  t h o s e  t r e a t e d  i n  each  
i n v e s t i g a t o r ' s  measurements,  a g a i n  w i t h  an  a p p r o p r i a t e  r a t i n g  o f  t h e  
s i z e  of t h e  d a t a  gaps remaining.  Tab le  3 p r e s e n t s  a l i s t i n g  o f  
i n v e s t i g a t o r s ,  an  i d e n t i f i c a t i o n  of  t h e i r  measurement and d a t a  p r o c e s s i n g  
* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  a p p l y  t o  t h o s e  i n  t h i s  
P a r t  u n l e s s  o t h e r w i s e  n o t e d .  
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TABLE 1 
GENERAL SUMMARY OF PAST MEASUREMENTS, FREQUENCIES, A N D  D A T A  GAPS 
CSM COLORADO SCHOOL OF MINES 
ITS INSTITUTE FOR TELECOMMUNICATION SCIENCES 
NBS NATIONAL BUREAU OF STANLARDS 
WGL WESTiNGHOUSE GEORESEARCH LABORATORY 
WVU WEST VIRGINIA UNIVERSITY 
L L  MIT LINCOLN LABORATORY 
(1  DATA LIMITED IN AMOUNT OR UTILITY 
12) PAST WORK - NOT FOR BU MINES 
(3) PLANNED BUT NOT STARTED 
I 
MEASUREMENT FREQUENCYRANGE 
SITES AND NOISE 
ALL MEASUREMENTS WITHOUT A (2) 
NOTE WERE DONE FOR BU MINES 
CONDITIONS 3 




RELATIVE DATA GAPS 
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(MAN MADE NOISE) 
OPERATIONAL 
NON-OPERATIONAL 
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TABLE :2 
SUMMARY OF PAST MEASUREMENT LOCATIONS, CONDITIONS, AND DATA GAPS 
CSM COLORADO SCHOOL OF MINES 
ITS INSTITUTE FOR TELECOMMUNICATION SiCI ENCES 
NBS NATIONAL BUREAU OF STANDARDS 
WGL WESTINGHOUSE GEORESEARCH LABORfrTORY 
WVU WEST VIRGINIA UNIVERSITY 
L L  MIT  LINCOLN LABORATORY 
MEASUREMENT 





AC & DC POWER CENTERS 
DC TROLLEY LINES 













MINE MOUTH PWR STATIONS 
OVER WORKING FACES 
OVER OTHER SECTIONS 
NON-OPERATIONAL 
PWR BOREHOLES 
PW R SUBSTATIONS 
MINE MOUTH PWR STATIONS 
POWER LINES 
NON-M I NE 
MAN-MADE 
ATMOSPHER lC 
NOTES ( INDICATED AT  MAJOR HEADINGS OPEfRATlONAL AND 
NON-OPERATIONAL ALSO APPLY TO THE CORRESPONDING SUBHEADINGS 
( 1 )  DATA LIMITED IN AMOUNT OR UTILITY 
(2) PAST WORK - NOT FOR BU MINES 
(3) PLANNED BUT NOT STARTED 
DATA GAPS: LARGE - L 
MODERATE - M 
SMALL - S 
INVESTIGATORS 
DATA 
CSM ITS NBS WGL WVU L L  OTHER GAPS 
(1) (1) (1) 
x x x  X  
X  X  M 
? x x M 
X X ?  
X  M 
X u  X  M 
X X  X  M 
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X  X  L 
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( 1  I 
X  
L 
X  L 
(1) (1) (1) 
x 'x  x 
X  X  L 
? X  ? L 
L 
L 
X  L 
X  X  
(1) (1) (1) 
M 
X  X  X  
X  X  L 
L 
L 
X X L 
51E.21 11.2, .,(I2 (1.2) 
X X  X  X  
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TABLE 3 
SUMMARY O F  PAST MEASUREMENTS, PROCESSING METHODS, AND RESULTS 
CSM COLORADO SCHOOL OF MINES 
ITS INSTITUTE FOR TELECOMMUNICATION SCIENCES 
NBS NATIONAL BUREAU OF STANDARDS 
WGL WESTINGHOUSE GEORESEARCH LABORATORY 
WVU WEST VIRGINIA UNIVERSITY I 
L L  MIT LINCOLN LABORATORY 
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methods and n o i s e  r e s u l t s ,  t o g e t h e r  w i t h  an i n d i c a t i o n  of which methods 
and r e s u l t s  s h o u l d  b e  most s u i t e d  f o r  f:uture measurement e f f o r t s .  
Recommendations f o r  t h e  implementa t ion  o f  t h e  n e x t  ~ h a s e *  o f  t h e  Bureau 
of Mines n o i s e  measurement programs a r e  p r e s e n t e d  i n  t h i s  P a r t .  T h i s  
n e x t  phase  w i l l  b e  aimed a t  f i l l i n g  t h e  most c r i t i c a l  d a t a  gaps .  The 
fo l lowing  recommendations a r e  based  on t h e  above f i n d i n g s  and on t h e  
conc lus ions  reached dur ing  a  two-day cclnference between key s t a f f  of t h e  
Bureau of Mines, NBS, ITS and ADL i n  Bclulder, Colorado on 1 3  and 1 4  March 
1972- a  confe rence  convened f o r  t h e  e x p r e s s  purpose  of de te rmin ing  t h e  
most e f f i c i e n t  and p r a c t i c a l  means f o r  o b t a i n i n g  t h e  r e q u i r e d  d a t a .  
I n  b r i e f ,  a  l i m i t e d  n o i s e  measurement e f f o r t ,  c a l l e d  a  s c o u t i n g - p a r t y  
e x p e d i t i o n ,  i s  recommended. Measurements shou ld  b e  c o n c e n t r a t e d  i n  t h e  
f requency band from about  40Hz t o  400kHz, w i t h  perhaps  some l i m i t e d  exam- 
i n a t i o n  of lower  f r e q u e n c i e s  and o f  h i g h e r  f r e q u e n c i e s  up t o  abou t  30mHz. 
The e f f o r t  s h o u l d  be  one c e n t e r e d  around shor t - t e rm measurements of EM 
man-made n o i s e ,  a t  l o c a t i o n s  of p r a c t i c a l  and s t r a t e g i c  i n t e r e s t ,  i n  and 
above one o r  two r e p r e s e n t a t i v e  c o a l  mines a s  summarized i n  Tables  4 and 5. 
The main emphasis w i l l  b e  on s imul taneous  wideband magne t ic  t a p e  record-  
i n g s  o f  t h e  n o i s e  magne t ic  f i e l d  components. F i e l d  s t r e n g t h  m e t e r s  
modi f i ed  t o  measure n o i s e  power w i l l  b e  used t o  a  more l i m i t e d  e x t e n t ,  
and mainly a t  t h e  h i g h e r  f r e q u e n c i e s  . Highly p o r t a b  l e y  b a t t e r y  powered, 
compact equipment w i l l  b e  used t o  minimlze t i m e  and confus ion  i n  t h e  
mines .  Data  p r o c e s s i n g  and a n a l y s i s  of  t h e  n o i s e  t a p e s  w i l l  b e  conducted 
back  a t  t h e  l a b o r a t o r y  u t i l i z i n g  a v a i l a b l e  and r e l i a b l e  d i g i t a l  methods 
and computer s o f t w a r e ,  and some c o n v e n t i o n a l  ana log  methods. High- and 
modera te - reso lu t ion  n o i s e  power s p e c t r a  w i l l  b e  o b t a i n e d ,  and when 
a p p r o p r i a t e ,  n o i s e  ampl i tude  and t i m e  s t a t i s t i c s .  The n o i s e  measurements 
w i l l  b e  made p r i m a r i l y  i n  l o c a t i o n s ,  and under c o n d i t i o n s ,  where t h e  d a t a  
gaps  a r e  p r e s e n t l y  moderate- to- large  and o f  h i g h  p r i o r i t y ;  such a s  i n  and 
above working s e c t i o n s ,  where t h e r e  i s  a need t o  p r o v i d e  wireless commu- 
n i c a t i o n s  t o  s u p e r v i s o r y ,  maintenance,  and s a f e t y  p e r s o n n e l .  Long-term 
measurements of a tmospher ic  n o i s e  on t h e  s u r f a c e  a r e  p r e s e n t l y  n o t  o f  
* A s  o f  t h e  s p r i n g  of  1972 .  
1.7 
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h igh  p r i o r i t y ;  because man-made n o i s e  is expected t o  dominate on t h e  
s u r f a c e  above c o a l  mines, and because e x i s t i n g  atmospheric  n o i s e  d a t a ,  
through s p a r s e  i n  some frequency bands, appear  t o  be  adequate  f o r  making 
f i r s t - o r d e r  system performance e s t i m a t e s  and comparisons. Heavy depend- 
ence is p l aced  on t h e  p r i o r  demonstrated c a p a b i l i t i e s  of NBS and ITS i n  
r eco rd ing  and ana lyz ing  e lec t romagnet ic  no ise .  
The "scout ing-par ty"  f i e l d  measurement e f f o r t  is purposely be ing  designed 
t o  be  of l i m i t e d  scope and d u r a t i o n  i n  o rde r  to :  o b t a i n  a r a p i d  and 
b e t t e r  i n d i c a t i o n  of t h e  n a t u r e  and s e v e r i t y  of t h e  c o a l  mine EM n o i s e  
environment; i d e n t i f y  t h e  most c r i t i c a l  cond i t i ons  and parameters ;  and 
he lp  i d e n t i f y  t h e  most f a v o r a b l e  f r equenc i e s  f o r  mine operat ional /emergency 
communications. The remainder of t h i s  P a r t  p r e s e n t s  an abb rev i a t ed  
d e s c r i p t i o n  o f ,  and ques t i ons  r e l a t e d  t o ,  t h e  i n s t rumen ta t i on  and d a t a  
p roces s ing  methods t h a t  were d i s cus sed  a t  t h e  March meeting i n  Boulder.  
Th i s  P a r t  i nc ludes  a p a r t i a l  equipment l i s t  and b lock  diagrams f o r  t h e  
i n s t rumen ta t i on  t o  t h e  e x t e n t  t h a t  they  a r e  p r e s e n t l y  de f ined  and i n  
a d d i t i o n  documents t h e  main f i n d i n g s  and conclusion of t h e  March Boulder 
meeting, and s e r v e s  a s  a framework from which t h e  f i e l d  measurement in -  
s t r umen ta t i on ,  d a t a  p rocess ing ,  and test  p l an  d e t a i l s  can be  f i n a l i z e d  
by t h e  j o i n t  NBS/ITS team t h a t  w i l l  perform t h e  measurements under t h e  
guidance of t h e  Bureau of Mines.* 
11. CONFERENCE PARTICIPANTS A.m-TENTATIVX-PROGRAM ASSIGNMENTS 
The March, 1972, Boulder conference p a r t i c i p a n t s  were Howard Parkinson of 
t h e  Bureau of Mines; John Adams, William Bensema and Harold Taggart  of NBS; 
A.D. Spaulding and Robert  Matheson of ITS; and Robert  Lagace and Richard 
Spencer of ADL. The fo l lowing  t e n t a t i v e  measurement program assignments 
were agreed  upon f o r  a j o i n t  NBS/ITS team e f f o r t  under t h e  guidance and 
d i r e c t i o n  of Howard Parkinson of t h e  Bureau of Mines. NBS/ITS program 
coo rd ina to r  w i l l  b e  John Adams of NBS; W i l l i a m  Bensema w i l l  s e r v e  a s  t h e  
NBS l e a d e r  and A. D .  Spaulding a s  t h e  ITS l e a d e r ;  w i th  Robert  Matheson of 
ITS and Harold Taggart  of NBS completing t h e  NBs/ITS core  team. 
* ADL's subsequent  p a r t i c i p a t i o n  i n  t h e  n o i s e  measurement program was i n  
an adv i so ry  and coo rd ina t i ng  c a p a c i t y  i n  behalf  of t h e  Bureau. P r i n c i p a l  
a c t i v i t i e s  of t h i s  ADL e f f o r t  cons i s t ed  of p e r i o d i c  communications and 
p a r t i c i p a t i o n  i n  s t a t u s  and system review meet ings  w i th  t h e  NBS/ITS team 
and t h e  Bureau, a s  clescribed i n  trle Appendix i n  t h i s  P a r t .  







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































111. -MEASUREMENT PROGRAM OUTLINE 
A. Data Needed 
The Bureau of Mines n o i s e  measurement programs t o  datekhave developed 
cons iderab le  d a t a  on the  c h a r a c t e r  of e lec t romagnet ic  no i se  i n  mining 
environments.  Despi te  t h i s  assembly of d a t a ,  t h e r e  s t i l l  e x i s t  sub- 
s t a n t i a l  gaps i n  t he  c h a r a c t e r i z a t i o n  of t he  mine no i se  environment ( a s  
shown i n  Tables 1 and 2).  The magnetic: f i e l d  components of t he  no i se  a r e  
of p r i n c i p a l  i n t e r e s t .  I n  t he  mines,  t h e r e  i s  no EM n o i s e  d a t a  nea r  t he  
working f a c e s ,  and only l i t t l e  d a t a  of nier i t  nea r  p a r t i c u l a r  equipments , 
power c e n t e r s  and t ransmiss ion  f a c i l i t i e s ,  and a s  a  func t ion  of ope ra t i ng  
condi t ions  and d i s t a n c e .  There i s  a  dear th  of no i se  d a t a  i n  q u i e t  
reg ions  of mines. I n  a d d i t i o n ,  t he  modest amount of good d a t a  taken t o  
d a t e  i n  mines f a l l s  l a r g e l y  i n  t h e  band from 0-5kHz, thereby c r e a t i n g  an 
even l a r g e r  gap i n  t he  frequency band from 5kHz t o  400kHz. I n  a d d i t i o n ,  
t h e r e  i s  the  need f o r  ob t a in ing  informat.ion on the  propagat ion of e l e c -  
t romagnet ic  s i g n a l s  i n  t he  reg ions  nea r  working f a c e s ,  i n  p a r t i c u l a r  
from the  working f aces  t o  a  t y p i c a l  loadiing p o i n t ,  t h i s  d i s t a n c e  encom- 
pass ing  about 600 f e e t .  On the  s u r f a c e  t h e r e  i s  a  l a c k  of d a t a  i n  reg ions  
d i r e c t l y  over  t he  working faces  and near  power l i n e s  and bore  h o l e s ,  aga in  
a s  a  func t ion  of d i s t a n c e  and ope ra t i ng  condi t ions  a s  i n  t h e  mines. 
There i s  a l s o  a  need f o r  providing d a t a  on the  c o r r e l a t i o n  of s u r f a c e  
no i se  behavior  wi th  in-mine no i se  behavi.or. An i n d i c a t i o n  of t h e  d a t a  
t o  be  ob t a ined  by the  s cout ing-party noi.se measurement program toge the r  
wi th  an i n d i c a t i o n  of t h e i r  p r i o r i t i e s  i.s shown i n  Table 4. 
B .  Noise C h a r a c t e r i s t i c s  
Measurements made t o  da te* in  t h e  mining environment r e v e a l  t h a t  t h e  
n o i s e  i n  t he  low frequency reg ion  from a  few Hertz  t o  5kHz i s  dominated 
by 60Hz and i t s  harmonics.  Impulsive nolise i s  seldom dominant i n  t h i s  
band, assuming high l e v e l s  only when loalded locomotives wi th  a r c ing  t r o l -  
l e y  po le  con tac t s  pass  c l o s e  by. From the  lOkHz reg ion  upward the  n o i s e ,  
a l though inf luenced  by harmonic c o n t e n t ,  does no t  appear t o  have power 
l i n e  harmonics t h a t  can be  s epa ra t ed  and. i s o l a t e d  a s  such .  Limited d a t a  
sugges t  t h a t  t he  no i se  spectrum l e v e l s  f a l l  o f f  w i th  frequency i n  t h i s  reg ion  
*As of t h e  Spring of 1972. 
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up t o  about 100kHz, beyond which the  d e t a i l e d  cha rac t e r  is  unknown. The 
impulsiveness ,  dynamic range ,  and s t a t i s t i c s  of t he  n o i s e  i n  t h e  reg ion  
above lOkHz a r e  unknown a t  t he  p re sen t  t i m e .  h. o b j e c t i v e  of t h e  measure- 
ment program w i l l  be t 2  remove the  major u n c e r t a i n t i e s  wi th  regard  t o  
t he se  n o i s e  c h a r a c t e r i s  t i c s  and l e v e l s .  * 
C .  Data Acquis i t ion  and Analysis  
I t  was t h e  conclusion of t h e  conference p a r t i c i p a n t s  t h a t  t h e  missing 
n o i s e  d a t a  could b e s t  be  cb'tained by analog t ape  record ing  magnetic 
f i e l d  n o i s e  picked up by loop an tennas ,  and t o  a more l i m i t e d  e x t e n t  
conducted t r o l l e y  and te lephone l i n e  n o i s e  by d i r e c t  pickup. The d a t a  
on these  magnetic t apes  could then be  reduced t o  u s e f u l  forms such a s  
power spectrum p l o t s  by d i g i t a l  methods using a computer, f o r  t h e  f r e -  
quency range below about 20kH2, and by analog o r  a combination of analog 
and d i g i t a l  methods, f o r  t h e  h ighe r  f r equenc i e s .  The r e a l i z a t i o n  of 
such a magnetic f i e l d  n o i s e  measurement program can be  broken down i n t o  
s e v e r a l  p a r t s  : 
1. des ign  of  t h e  n o i s e  measurement system; 
2 .  procurement of t he  needed p a r t s  and components; 
3. modi f ica t ion  and/or  t e s t  of components of t h e  
system; 
4. in - labora tory  tests of t h e  complete?y assembled 
system; 
5.  system proof t e s t i n g  by an e a r l y  f i e l d  exper i -  
ment t o  v e r i f y  t he  performance of t h e  system i n  
t h e  mining environment; 
6. system modi f ica t ions  based on t h e  f i nd ings  of  
t h i s  e a r l y  f i e l d  t r i p ,  i f  necessary ;  
7 .  f i . e ld  t r i p s  t o  s p e c i f i e d  mines f o r  d a t a  a c q u i s i t i o n ;  
8. a n a l y s i s  of the d a t a  obtained on these  f i e l d  
t r i p s  ; 
9.  docunentat ion of' t h e  f i nd lngs  of tAle n o i s e  measure- 
ment program. 
* A s  of t h e  f a l l  of 1973 t h i s  mrasureaent  program has  been l a r g e l y  completed by 
NBS. The ins t rumenta t ion  system and n o i s e  d a t a  a r e  be ing  documented by NBS 
under i t s  n o i s e  mneasurerr~ent program Contract  H0133005 with t h e  Bureau of Mines 
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I V .  INSTRUMENTATION AND DATA PROCESSING SYSTEM 
A. Block Diagram 
F i g u r e s  1, 2 ,  and 3  i l l u s t r a t e  b l o c k  diagrams of a l t e r n a t i v e  sys tem 
c o n f i g u r a t i o n s  a s  now conceived.  I t  w i l l  b e  a p p a r e n t  i n  t h e  d i s c u s s i o n  
t h a t  f o l l o w s  t h a t  c e r t a i n  o p t i o n s  i n d i c a t e d  on t h e  diagrams may o r  may 
n o t  b e  used dependent  on t h e  f i n d i n g s  o f  an  e a r l y  p r o o f i n g  f i e l d  t r i p .  
However, f o r  t h e  s a k e  of comple teness ,  t h e  e lements  o f  t h e  b l o c k  diagram 
a r e  d i s c u s s e d .  I t  w i l l  b e  a p p a r e n t  i n  t h i s  d i s c u s s i o n  t h a t  d e t a i l s  o f  
component s e l e c t i o n  have n o t  been made a t  t h i s  t i m e ,  s i n c e  t h e s e  must b e  
made a f  t e r  a  s t u d y  of t h e  d e t a i l e d  requ i rements  and a v a i l a b l e  performance 
of t h e  v a r i o u s  e lements  which comprise t h e  measurement s y s  tem. 
A s  shown on t h e  b l o c k  diagram,  t h e  s e n s o r s  f o r  p i c k i n g  up e l e c t r i c a l  
s i g n a l s  r e l a t e d  t o  t h e  n o i s e  a r e  loop an tennas  f o r  t h e  magne t ic  f i e l d  
components, and d i r e c t  p ickups  f o r  c u r r e n t s  o r  v o l t a g e s  on t r o l l e y  o r  
phone l i n e s .  Two l o o p s  appears  t o  b e  a  p r a c t i c a l  compromise f o r  a n  i n -  
mine sys tem t o  s i m u l t a n e o u s l y  r e c o r d  and examine t h e  b e h a v i o r  of 
o r t h o g o n a l  magne t ic  f i e l d  components . The s i g n a l s  a f t e r  hav ing  been 
p i c k e d  up a r e  i n  most c a s e s  passed  through p r e a m p l i f i e r s ,  because  o f  t h e  
need t o  o p e r a t e  t h e  r e c o r d i n g  equipment a t  a  d i s t a n c e  from t h e  r e g i o n  i n  
which t h e  n o i s e  i s  b e i n g  measured. Also shown between t h e  p r e a m p l i f i e r s  
and t h e  pickup loops  a r e  t h e  b a l a n c e  t o  unbalance t r a n s i t i o n s  ( b a l u n s )  
t h a t  may b e  r e q u i r e d .  A f u r t h e r  p o i n t  o f  i n t e r e s t  i n  t h e  b l o c k  diagrams 
i s  t h e  i n j e c t i o n  o f  c a l i b r a t i o n  s i g n a l s  a t  t h e  f r o n t  end of t h e  p re -  
a m p l i f i e r s .  Af t e r  t h e  p r e a m p l i f i e r s ,  ithe s i g n a l s  a r e  f e d  t o  a  v a r i e t y  
of d e v i c e s .  
S t a r t i n g  from t h e  top  of F i g u r e  1, i t  i s  s e e n  t h a t  two loops  a r e  i n d i c a t e d  
as f e e d i n g  modi f i ed  S t o d d a r t  NM-25T r e c e i v e r s .  These r e c e i v e r s  c o n v e r t  
t h e  broadband n o i s e  p icked  up by loop  an tennas  t o  r e l a t i v e l y  narrow 
band (3.5-5kHz) o u t p u t s  around a s e l e c t e d  c e n t e r  f requency  i n  t h e  ranges  
o f  150kHz t o  32mHz. I t  is f u r t h e r  i n d i c a t e d  t h a t  t h i s  narrow band around 
t h e  c a r r i e r  i s  t r a n s l a t e d  t o  a baseband f requency by t h e  u s e  o f  a b l o c k  
i d e n t i f i e d  as Heterodyne.  This  p r o c e s s  p r o v i d e s  t h e  c a p a b i l i t y  f o r  
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r e c o r d i n g  n o i s e  c e n t e r e d  around a  h i g h  f requency on ana log  t a p e  
r e c o r d e r s  which do n o t  have baseband responses  adequa te  t o  r each  t h e s e  
h i g h e r  f r e q u e n c i e s .  Below t h e  r e c e i v e r s  i n  F i g u r e  1, i t  i s  s e e n  t h a t  
n o i s e  waveforms a r e  a l s o  p icked  up by two o t h e r  loops  and f e d  through 
t h e i r  p r e a m p l i f i e r s  t o  a  p a i r  of f i l t e r s .  A f t e r  f i l t e r i n g ,  t h e  wave- 
forms e n t e r  s e p a r a t e  channe l s  of an analog magne t i c  t a p e  r e c o r d e r .  I n  
t h i s  way, f o r  example,  a  f requency band from a  few H e r t z  t o  375kHz would 
b e  s p l i t  a t  lOOkHz, so  t h a t  t h e  lower  f requency  p a r t  i s  recorded  FM and 
t h e  upper  p a r t  d i r e c t .  Modif ied  S t o d d a r t  NM-12AT r e c e i v e r s  w i t h  band- 
w i d t h  (100Hz o r  2.5kHz) w i l l  a l s o  b e  a v a i l a b l e  f o r  examina t ion  of t h e  
f requency  range 10-250kHz a s  a  backup t o  t h e  wideband ana log  r e c o r d i n g .  
The a n a l o g  t a p e s  t h a t  r e s u l t  from t h e  a p p l i c a t i o n  of t h e  sys tem a r e  
p l a y e d  back i n  t h e  l a b o r a t o r y .  S e v e r a l  modes of o p e r a t i o n  of t h i s  p lay-  
back a r e  i l l u s t r a t e d  by t h e  b l o c k  diagram.  I n  one mode t h e  s i g n a l s  
r e s u l t i n g  from playback p a s s  through a  f i l t e r ,  t h e n  t o  an analog- to-  
d i g i t a l  (AID) c o n v e r t e r ,  and hence on t o  a  d i g i t a l  t a p e .  Th i s  d i g i t a l  
t a p e  c o n t a i n s  r e p r e s e n t a t i o n s  of t h e  waveforms b e i n g  sampled and i s  
t h e n  p r o c e s s e d  d i g i t a l l y  w i t h  a  computer t o  y i e l d  i t e m s  such  a s  power 
spec t rum l e v e l  v e r s u s  f requency  by means of a  F a s t  F o u r i e r  Transform 
computa t iona l  a l g o r i t h m .  Examples of t h i s  type  of  d a t a  p r o c e s s i n g  may 
b e  found i n  t h e  Bensema NBS r e p o r t  and i n  t h e  Evans L i n c o l n  Lab r e p o r t ,  
which a r e  c i t e d  i n  t h e  b i b l i o g r a p h y  a t  t h e  end of  t h i s  r e p o r t .  
I n  a n o t h e r  p r o c e s s i n g  mode t h e  playback r e s u l t s  i n  t h e  c r e a t i o n  of  
a n o t h e r  ana log  t a p e .  The i n t e n t  of  t h i s  p r o c e s s i n g  mode i s  t o  e n a b l e  a  
s c a l i n g  of  t h e  f requency  band of t h e  o r i g i n a l  r ecorded  waveforms t o  a  
lower  f requency  band ,  which w i l l  i n  t u r n  e n a b l e  a v a i l a b l e  analog-to- 
d i g i t a l  c o n v e r t e r s  t o  p r o c e s s  a  co r respond ing ly  w i d e r  r ange  of r e a l  f r e -  
q u e n c i e s .  A s  a n  a l t e r n a t i v e  t o  t h i s  k i n d  of p r o c e s s i n g ,  i t  i s  i n d i c a t e d  
t h a t  ana log  p r o c e s s i n g  f o r  a  q u i c k  look  and p o s s i b l y  ana log  spect rum 
p l o t t i n g  s h o u l d  b e  a v a i l a b l e .  The recorded  v o i c e  channe l  on t h e  o r i g i n a l  
t a p e  i s  a l s o  shown a s  b e i n g  p layed  o u t  through a  s p e a k e r ,  and p r o v i s i o n  
i s  made t o  moni to r  any channe l  by a  ca thode-ray o s c i l l o s c o p e .  I n d i v i d u a l  
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e lements  t h a t  e n t e r  t h i s  b l o c k  diagram a r e  d i s c u s s e d  below. 
B . Sys t e m  Components 
1. Loops 
I t  was t h e  consensus  t h a t  t h e  p ickup loops  f o r  t h e  measurements shou ld  b e  
commercial u n i t s  of  a  b a l a n c e d ,  s h i e l d e d  n a t u r e .  F e r r i t e  o r  o t h e r  loaded 
loops  were d i s c a r d e d  a s  b e i n g  s u b j e c t  t o  s i g n i f i c a n t  e r r o r s .  I t  was 
a g r e e d  t h a t  S t o d d a r t  loops  of t h e  t y p e  used p r e v i o u s l y  by NBS and ITS a r e  
a c c e p t a b l e  f o r  t h i s  u s e .  
2 .  P r e a m p l i f i e r s  
P r e a m p l i f i e r s  s h o u l d  be  b a t t e r y - o p e r a t e d  u n i t s  f u n c t i o n i n g  a t  i n t r i n s i c -  
a l l y  s a f e  v o l t a g e  and c u r r e n t  c a p a c i t i e s .  T h i s  i n t r i n s i c  s a f e t y  i s  needed 
because  t h e s e  p r e a m p l i f i e r s  w i l l  b e  used a t  t h e  working f a c e  a r e a s  o f  
mines .  I t  i s  e x p e c t e d  t h a t  most  o f  t h e  semiconductor-based a m p l i f i e r s  
w i l l  b e  o p e r a t e d  a t  low enough v o l t a g e  l e v e l s  t o  meet t h e  r e q u i r e m e n t s ,  
b u t  t h a t  c a r e  must  b e  used i n  b a t t e r y  s e l e c t i o n  t o  a s s u r e  t h a t  t h e  i n t r i n -  
s i c a l l y  s a f e  l i m i t  i s  n o t  exceeded i n  terms o f  b a t t e r y  c u r r e n t  c a p a b i l i t y .  
3 .  F i l t e r s  
F i l t e r s  a r e  shown i n  b o t h  t h e  r e c o r d i n g  and playback p a r t s  of  t h e  b l o c k  
diagram.  The requ i rements  a r e  more s e v e r e  on f i l t e r s  f o r  r e c o r d i n g  because  
t h e s e  must  b e  b a t t e r y - o p e r a t e d  and s h o u l d  b e  s m a l l  i n  s i z e .  The f u n c t i o n  
of t h e  f i l t e r s  i s  t o  r e s t r i c t  t h e  bandwidth of  t h e  r e c o r d i n g s  s o  a s  t o  
p r o v i d e  maximum use  of t h e  a v a i l a b l e  dynamic range  of t h e  r e c o r d e r s .  
The g e n e r a l l y  r e q u i r e d  f u n c t i o n  i s  t h a t  of  bandpass  w i t h  s e l e c t a b l e  
upper  and lower  band l i m i t s .  F i l t e r  r o l l - o f f  o u t s i d e  t h e  passband 
s h o u l d  b e  a t  l e a s t  48 db p e r  o c t a v e .  Krohn-Hite Models 3323 o r  3343 
would b e  good c a n d i d a t e s  f o r  t h i s  u s e .  A problem a r i s e s  i n  t h e  f requency  
r e g i o n  above 100kHz, because  t h e s e  f i l t e r s  a r e  l i m i t e d  t o  100kHz. I t  may 
b e  n e c e s s a r y  t o  add some f i ~ z d - f r e q u e n c y  p a s s i v e  f i l t e r s  f o r  some p a r t i -  
c u l a r  measurements.  Such f i l t e r s  a r e  commercial ly a v a i l - a b l e  from s e v e r a l  
s o u r c e s .  For  o p e r a t i o n  i n  t h e  p layback mode, where t h e  magne t i c  t a p e s  
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a r e  played back a t  a f r a c t i o n  of t he  o r i g i n a l  record ing  speed ,  t h e  Krohn- 
H i t e  f i l t e r s  a r e  e n t i r e l y  adequa te ,  and a r e  used p r i m a r i l y  t o  p revent  
a l i a s i n g  e r r o r s  i n  t he  subsequent  sampling and A I D  convers ion.  
4. Receivers  
Two r e c e i v e r s  a r e  i l l u s t r a t e d  i n  t h e  b lock  diagram. I t  was agreed t h a t  
t he se  r e c e i v e r s  would be S todda r t  NM25T r e c e i v e r  u n i t s ,  modif ied a s  ITS 
has  p r ev ious ly  modif ied s i m i l a r  r e c e i v e r s  t o  enable  them t o  i n d i c a t e  
s e v e r a l  measures of n o i s e ,  i n  p a r t i c u l a r ,  Vd and Vms,  a s  d i s cus sed  i n  
  at he son's paper .  These mod i f i ca t i ons  w i l l  pe rmi t  manual c o l l e c t i o n  of 
d a t a  over  a frequency range much g r e a t e r  than can be  accommodated w i th  
t h e  analog magnetic t ape  record ing  s y s  t a n .  These r e c e i v e r s  can prov ide  
impor tan t  measures of  n o i s e  p r o p e r t i e s  w i thou t  t h e  r e s o r t  t o  record ing .  
I n  a d d i t i o n  t o  t h i s  mod i f i ca t i on  of t h e  r e c e i v e r s ,  i t  i s  planned t o  s h i f t  
t he  I F  s i g n a l  ( p r i o r  t o  d e t e c t i o n )  from t h e  I F  c e n t e r  frequency t o  base- 
band s o  t h a t  analog record ings  can be  made of a band about  3.5-5kHz wide, 
c en t e r ed  a t  any frequency i n  t he  r e c e i v e r  range .  Thus, record ings  of t h e  
n o i s e  found a t  va r ious  s e l e c t  f r equenc i e s  beyond t h e  nominal frequency 
response of t h e  t ape  r eco rde r s  can be ob t a ined .  These record ings  can 
then  be  s u b j e c t e d  t o  t h e  same computer-based a n a l y s i s  t h a t  Bensema used 
i n  t he  p r i o r  NBS n o i s e  measurements below 10kHz. On t h e  b lock  diagram 
t h i s  f requency s h i f t i n g  i s  no ted  s e p a r a t e l y  a s  a heterodyne p r o c e s s ,  
wh i l e  i n  a c t u a l  p r a c t i c e  t h i s  f unc t i on  would be  accomplished w i t h i n  t h e  
modif ied r e c e i v e r s .  
5 .  Tape Recorders 
I t  was agreed  t h a t  t h e  Lockheed 417WB ins t rumen ta t i on  r eco rde r  i s  a prime 
candida te  f o r  r eco rd ing  t h e  analog s i g n a l s .  There i s  s t i l l  some uncer- 
t a i n t y  regard ing  t h e  a b i l i t y  of t h i s  r eco rde r  t o  ope ra t e  i n  t he  expected 
mine environment.  There i s  a cons ide rab l e  body of exper ience  w i th  t h e  
Lockheed 417 r e c o r d e r ,  and t h i s  r eco rde r  w i l l  b e  used i f  t h e  417WB is 
found t o  be  d e f i c i e n t  i n  performance. These r eco rde r s  a r e  w e l l  s u i t e d  
t o  t h e  needs of  t h e  measurement program. Both a r e  compact, b a t t e r y -  
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o p e r a t e d ,  7-channel i n s t r u m e n t a t i o n  r e c o r d e r s  t h a t  use  112 i n c h  wide 
magne t i c  t a p e .  The 417 h a s  FM c a p a b i l i t y  from 0-lOkHz and a  d i r e c t  
c a p a b i l i t y  t o  lOOkHz a t  30 IPS.  The 417WB i s  t h e  new wideband v e r s i o n ,  
h a s  FM c a p a b i l i t y  from 0-100kHz and a  d i r e c t  c a p a b i l i t y  t o  375kHz a t  30 
IPS. The use  of e i t h e r  of t h e s e  r e c o r d e r s  would a v o i d  t h e  s u b s t a n t i a l  
d i f f i c u l t i e s  t h a t  Bensema f a c e d  i n  t h e  e a r l i e r  NBS program, due t o  t h e  
need f o r  a  power i n v e r t e r  and l a r g e  b a t t e r y  s u p p l y .  The 417WB is  pre -  
f e r a b l e  because  of t h e  wide f requency range  accommodated i n  t h e  FM mode 
f o r  which h i g h  accuracy  r e c o r d i n g  can  b e  r e l i e d  on .  
6 .  Sources  
I t  was agreed  t h a t  p a r t  o f  t h e  n o i s e  measurement program would i n c l u d e  
measurements of  s i g n a l  p r o p a g a t i o n  c h a r a c t e r i s  t i c s  from t h e  f a c e  a r e a  t o  
t h e  l o a d i n g  p o i n t  i n  a  r e p r e s e n t a t i v e  mine o r  mines .  For t h i s  purpose  a  
p o r t a b l e  s i g n a l  d r i v e  sys tem and t r a n s m i t t i n g  loop  a r e  r e q u i r e d .  I t  is  
e s t i m a t e d  t h a t  approx imate ly  10 w a t t s  of  d r i v e  power w i l l  s u f f i c e  f o r  t h e  
measurements p lanned .  I t  i s  n o t  expec ted  t h a t  a  good commercial ,  i n t r i n -  
s i c a l l y  s a f e  10 w a t t  a m p l i f i e r  o f  c a p a b i l i t y  t o  lOOkHz can b e  found,  and 
t h e r e f o r e  i t  may b e  n e c e s s a r y  t o  develop a  p o r t a b l e  b a t t e r y - o p e r a t e d  
s y s  t e m  f o r  t h i s  purpose .  
C .  Real  and S y n t h e t i c  C a l i b r a t i o n s  
I t  was agreed  t h a t  two k i n d s  of c a l i b r a t i o n s  a r e  needed f o r  t h e  n o i s e  
measurement sys tem:  1 )  a  t r u e  c a l i b r a t i o n  f o r  which t h e  p ickup  loops  of  
t h e  measur ing sys tem a r e  immersed i n  known f i e l d s  and t h e  measuring 
sys tem o u t p u t  i s  r e l a t e d  t o  t h e s e  known v a l u e s  o f  f i e l d ;  and 2) an  
a r t i f i c i a l  c a l i b r a t i o n  t o  b e  used i n  t h e  f i e l d .  I n  t h e  second type  of 
c a l i b r a t i o n ,  known s i g n a l  v o l t a g e  l e v e l s  a r e  i n t r o d u c e d  i n t o  t h e  s y s  tem 
a s  n e a r  t h e  f r o n t  end a s  p o s s i b l e .  Such a  c a l i b r a t i o n  a s s u r e s  t h a t  
sys tem d r i f t s  and g a i n  changes a r e  moni to red  and known. Usua l ly  such  
c a l i b r a t i o n s  a r e  n o t  a b l e  t o  v e r i f y  s e n s o r  s e n s i t i v i t y ,  b u t  v e r i f y  t h e  
performance of t h e  remainder  of t h e  measuring s y s  t e m .  The t r u e  c a l i b r a -  
t i o n s  can b e  accomplished i n  t h e  NBS c a l i b r a t i o n  f a c i l i t y  a t  Bou lder ;  t h e  
s y n t h e t i c  c a l i b r a t i o n  equipment can be made up of commercial ly a v a i l a b l e  
p a r t s .  
1 .20  
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D. P layback and P r o c e s s i n g  
The b l o c k  diagram i l l u s t r a t e s  d i f f e r e n t  ways i n  which t h e  t a p e  can b e  
p r o c e s s e d  t o  y i e l d  t h e  d e s i r e d  measures of n o i s e .  A s  shown on t h e  b l o c k  
diagram,  one of t h e  ways o f  p r o c e s s i n g  i s  t o  p l a y  back t h e  t a p e  through 
a  f i l t e r  and an a n a l o g - t o - d i g i t a l  c o n v e r t e r  t o  g e n e r a t e  a  d i g i t a l  t a p e  
r e p r e s e n t a t i v e  of  t h e  ana log  s i g n a l s  from t h e  r e c o r d e r .  Th i s  p rocedure  
f o l l o w s  d i r e c t l y  t h a t  of  Bensema i n  h i s  n o i s e  measurements f o r  t h e  
Bureau of  Mines. The p layback  may b e  a t  s e v e r a l  d i f f e r e n t  speeds  t o  
accommodate t h e  bandwidth of t h e  n o i s e  waveforms t o  t h e  sampl ing r a t e  of 
t h e  A/D c o n v e r t e r .  The f i l t e r  i s  t o  remove n o i s e  waveform components 
beyond a  p r e s c r i b e d  f requency  i n  o r d e r  t o  p r e v e n t  a l i a s i n g  i n  t h e  sampled 
v e r s i o n  of  t h e  waveform. 
A second p r o c e s s i n g  mode i l l u s t r a t e d  i n  t h e  b l o c k  diagram shows r e r e c o r d -  
i n g ,  o r  dubb ing ,  o f  t h e  o r i g i n a l  t a p e s .  I t  i s  i n t e n d e d  t h a t  t h i s  dubbing 
t r a n s l a t e  an o r i g i n a l  f r equency  r a n g e  t o  a  lower  f requency r a n g e ,  thus  
making t h e  p layback  of t h e  dub compat ib le  w i t h  t h e  l i m i t e d  16kHz sampl ing  
r a t e  of  t h e  A/D c o n v e r t e r  used by Bensema p r e v i o u s l y .  For  example,  i f  
t h e  41nJB r e c o r d e r  i s  found t o  b e  a c c e p t a b l e  f o r  r e c o r d i n g ,  F'M r e c o r d i n g s  
w i t h  a  bandwidth from 0-100kHz can b e  made. I t  appears  d e s i r a b l e  t o  b e  
a b l e  t o  p r o c e s s  r e c o r d i n g s  of such  a n  o r i g i n a l  f r equency  band u s i n g  
computer FFT t e c h n i q u e s .  Thus,  because  t h e  p r e s e n t  A/D c o n v e r t e r  l i m i t s  
waveform a n a l y s i s  t o  a  band of  abou t  0-!:kHz, a  20 :1 r e d u c t i o n  o f  p layback  
speed  i s  r e q u i r e d .  Th i s  r ange  of speed  r e d u c t i o n  is  n o t  l i k e l y  from one 
t a p e  playback u n i t ,  and ,  hence  a  dubbing p r o c e s s  i s  used t o  overcome t h i s  
l i m i t a t i o n .  The two-step p r o c e s s  ex tends  t h e  speed  range  from a  maximum 
of  8 : l  i n  a  s i n g l e  p layback  u n i t  t o  6 4 : l  u s i n g  t h e  dubbing p r o c e s s ,  and 
t h u s  encompasses t h e  r a n g e  r e q u i r e d  f o r  r e d u c t i o n  of 0  t o  lOOkHz t o  0  t o  
5kHz. The u s e  o f  p laybacks  of o r i g i n a l  and dubbed t a p e s  w i l l  p r o v i d e  
f o r  t h e  a b i l i t y  t o  g e n e r a t e  i n  t h e  f requency  range  0  t o  lOOkHz t h e  k i n d  
of spec t rum p l o t s  produced by Bensema. 
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An o p t i o n a l  t y p e  o f  p r o c e s s i n g  scheme i s  a l s o  i l l u s t r a t e d  on t h e  b l o c k  
diagram. T h i s  o p t i o n  r e l a t e s  t o  what i s  done w i t h  t h e  r e c o r d i n g s  made 
on t h e  d i r e c t  channe l s  of  t h e  t a p e  r e c o r d e r ,  f o r  which ana log  s i g n a l s  up 
t o  375kHz can be  ana lyzed  ( i f  t h e  417WB r e c o r d e r  is  u s e d ) .  I t  is  f e l t  
t h a t  computer-based r e d u c t i o n  would b e  c o s t l y  f o r  such extended bandwidth 
s i g n a l s ,  and t h a t  t h e  m e r i t s  of t h e  narrowband a n a l y s i s  w i l l  be l e s s  
a p p l i c a b l e  t o  t h e  broadband d a t a ,  p a r t i c u l a r l y  i n  t h e  upper  f requency 
range  o f  such r e c o r d i n g s .  For t h e s e  r e g i o n s  we b e l i e v e  t h a t  ana log  spec t rum 
a n a l y s i s  t e c h n i q u e s  may s u f f i c e  t o  determine t h e  n a t u r e  of n o i s e .  I n  
p a r t i c u l a r ,  i t  is  sugges ted  t h a t  conven t iona l  sweeping spectrum a n a l y z e r s  
b e  used f o r  t h i s  purpose  i n  c o n j u n c t i o n  ~ a i t h  a  t a p e / l o o p  playback method. 
The l o o p  i s  recommended because  i t  p e r m i t s  a n a l y s i s  o f  a  s i n g l e  t ime p e r i o d  
of  t h e  o r i g i n a l  r ecorded  n o i s e ,  r a t h e r  t h a n  t h e  use  o f  a  l o n g  t ime sequence 
where t ime  v a r i a t i o n s  cou ld  be  confused w i t h  s p e c t r a l  v a r i a t i o n s .  
The key p r e s e n t a t i o n  o f  n o i s e  d a t a  w i l l  be  i n  t h e  form of  power spectrum 
p l o t s  s i m i l a r  t o  t h o s e  shown i n  t h e  NBS Bensema r e p o r t  and t h e  Evans 
L i n c o l n  Lab r e p o r t ,  i n  which t h e  magnet ic  f i e l d  n o i s e  components a r e  
p l o t t e d  i n  db r e l a t i v e  t o  1 ampere p e r  mete r ,  o r  db r e l a t i v e  t o  1 ampere 
p e r  mete r  p e r  v e r s u s  f requency .  Computer-generated FFT o u t p u t s  a r e  
compat ible  w i t h  e i t h e r  p r e s e n t a t i o n ,  w h i l e  spectrum a n a l y z e r  o u t p u t s  a r e  
more s u i t e d  t o  t h e  former .  These p l o t s  can b e  ve ry  u s e f u l  i n  r e v e a l i n g  
c h a r a c t e r i s t i c  spectrum s i g n a t u r e s  of  s p e c i f i c  n o i s e  s o u r c e s .  A problem 
w i t h  ana log  spectrum a n a l y z e r s  i s  t h a t  they  a r e  r e s p o n s i v e  t o  v o l t a g e  and 
t h u s  t h e  spec t rum p l o t s  become r e l a t e d  t o  v o l t a g e ,  t h e r e b y  r e q u i r i n g  a n  
a p p r o p r i a t e  c a l i b r a t i o n .  T h i s  f a c t  does n o t  t r o u b l e  a n a l y s i s  of conducted 
n o i s e ,  b u t  does pose a  problem f o r  magnet ic  f i e l d s  f o r  which t h e  g e n e r a l l y  
a c c e p t e d  form of p r e s e n t a t i o n  is  db r e l a t i v e  t o  1 ampere p e r  mete r  i n  t h e  
bandwidth of i n t e r e s t ,  n o t  v o l t a g e  o u t  o f  a  loop .  P roper  sys tem d e s i g n  and 
c a l i b r a t i o n  w i l l  e n s u r e  r e l i a b l e  r e s u l t s .  S t a t i s t i c a l  p r e s e n t a t i o n s  of 
ampl i tude  and t ime p r o b a b i l i t y  d i s t r i b u t i o n s  may be d e s i r e d  i f  t h e  dominant 
n o i s e  i n  c e r t a i n  f requency bands i s  found t o  b e  impuls ive  i n  c h a r a c t e r .  
Ana lys i s  and p r e s e n t a t i o n  methods s i m i l a r  t h o s e  used by ITS anZ/or  L i n c o l n  
Lab can  b e  used  i f  n e c e s s a r y .  
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E .  Equipment L i s t  
It was a g r e e d  t h a t  t h e  f o l l o w i n g  equipment i s  r e q u i r e d  i n  a d d i t i o n  t o  
equipment a l r e a d y  a v a i l a b l e  a t  NBS/ITS: 
I t e m  No. Required U n i t  Cost  - T o t a l  Cos t  Notes 
Lockheed 417WB 2  $19,000 $38,000 E s  t ima ted  cos ts 
t a p e  r e c o r d e r  f o r  f u l l y  equipped 
u n i t s  
S t  oddar t 4  7,000 28,000 U n i t s  s u p p l i e d  
r e c e i v e r s  (NM-25T (2  each)  w i t h  a c c e s s o r i e s  
& NM-12AT) 
S  t o d d a r t  r e c e i v -  3  
i n g  loops  
(90117-3) 
F i l t e r s  
Krohn-Hi te 3323 
Model 323 
T e k t r o n i x  Scope 
PAR Model 113  
P r e a m p l i f i e r  
O t h e r  equipment 
( c a l i b r a t o r s ,  
o s c i l l a t o r s ,  power 
s o u r c e ,  t r a n s m i t  
s y s t e m ,  e t c . )  
333 1 ,000 These lo.ops a r e  
i n  a d d i t i o n  t o  
t h e  ones s u p p l i e d  
w i t h  t h e  r e c e i v e r s  
1 ,900  O r  s i m i l a r  
3,000 D e t a i l s  t o  b e  
de te rmined  
F. Shaping of  Noise  Spectrum S i g n a t u r e  p r i o r  t o  Recording 
There  i s  l i t t l e  d a t a  on t h e  c h a r a c t e r  of magne t i c  f i e l d  n o i s e  w i t h i n  
mines i n  t h e  r e g i o n  from lOkHz t o  100kHz. It i s  expec ted  t h a t  e a r l y  
p r o o f i n g  t e s t s  w i l l  r e v e a l  t h e  g e n e r a l  n a t u r e  of t h i s  n o i s e ,  and i t  may 
become n e c e s s a r y  t o  s h a p e  t h e  s p e c t r a  of  t h e  n o i s e  i n  t h a t  r e g i o n  s o  a s  
t o  a s s u r e  e q u a l  r e c o r d i n g  s i g n a l - t o - n o i s e  r a t i o  o v e r  t h e  band lOkHz t o  
100kHz. Whether t h i s  s h a p i n g  i s  n e c e s s a r y  o r  n o t  w i l l  b e  known on ly  a f t e r  
one of t h e s e  e a r l y  t r i p s  h a s  been made. 
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G .  Logar i thmic  Compression 
The Boulder confe rence  d i d  i n c l u d e  t h e  d i s c u s s i o n  o f  t h e  p o s s i b l e  a p p l i -  
c a t i o n  of l o g a r i t h m i c  compression upon r e c o r d i n g  and expansion upon 
r e p l a y  a s  a  means of accomrnodacing a  w i d e r  dynamic range of n o i s e  than  
could  o t h e r w i s e  b e  accommodated by t h e  r e c o r d i n g  equipment.  I t  seemed 
t o  b e  t h e  f e e l i n g  i n  t h e  meet ing t h a t  f o r  t h e  expec ted  types  o f  n o i s e ,  
s p e c i f i c a l l y  t h e  ha rmonica l ly  dominated n o i s e ,  compression-expansion 
would r a i s e  p o s s i b l e  s e v e r e  d i f f i c u l t i e s  i n  a c c u r a t e l y  r e c o v e r i n g  t h e  
n o i s e  c h a r a c t e r  from such r e c o r d i n g s .  I t  was l e f t  t h a t  only  under  t h e  
most p r e s s i n g  need would such compression and expansion b e  planned.  
Again,  t h e  u t i l i t y  of t h i s  t e c h n i q u e ,  o r  t h e  need f o r  t h i s  t e c h n i q u e ,  w i l l  
b e  c l a r i f i e d  by e a r l y  p r o o f i n g  tests i n  an o p e r a t i n g  mine. 
V .  OPERATIONAL CONSIDERATIONS 
A. Equipment Proof ing  
I t  was agreed t h a t  i t  i s  d e s i r a b l e  t o  p rov ide  s e v e r a l  l e v e l s  of  t e s t s  
f o r  a complex i n s t r u m e n t a t i o n  sys tem of t h i s  t y p e .  The f i r s t  tests 
c o n s t i t u t e  t e s t s  of  t h e  i n d i v i d u a l  components t o  a s s u r e  t h a t  they perform 
accord ing  t o  s p e c i f i c a t i o n s .  The second l e v e l  of tests a r e  l a b o r a t o r y  
tests wherein  t h e  t o t a l  sys tem i s  s u b j e c t  t o  c o n t r o l l e d  e x e r c i s e s ,  r e v e a l -  
i n g  any p o s s i b l e  shor tcomings  o f  t h e  t o t a l  sys tem i t s e l f .  These two 
i n i t i a l  t e s t i n g  phases  w i l l  b e  fo l lowed  by an o p e r a t i n g  tes t  of  t h e  
sys tem where in  t h e  equipment i s  t a k e n  t o  a  mine where a c c e s s  is  easy  and 
does n o t  i n t e r f e r e  w i t h  t h e  o p e r a t i o n s .  I t  h a s  been r e p o r t e d  t h a t  NBS/ITS 
have an  arrangement w i t h  t h e  L inco ln  Mine t o  pe rmi t  t h i s  k i n d  of o p e r a t i o n .  
Th is  tes t  w i l l  r e v e a l  i f  t h e r e  a r e  any o p e r a t i o n a l  and env i ronmenta l  prob- 
l e m s  w i t h  t h e  e x i s t i n g  sys tem.  A f t e r  such p r o o f i n g  and any m o d i f i c a t i o n s  
b r o u g h t  abou t  by t h e s e  v a r i o u s  l e v e l s  o f  t e s t i n g ,  t h e  equipment would b e  
ready f o r  use  i n  mines s e l e c t e d  by t h e  Bureau of Mines f o r  e v a l u a t i o n .  
B .  Record Keeping 
I t  is  i m p o r t a n t  t h a t  a  program of t h i s  n a t u r e  p rov ide  a c c u r a t e  r e c o r d s  
from which i t  may b e  determined a t  l a t e r  d a t e s  t h e  e x a c t  c o n d i t i o n s  under 
which v a r i o u s  d a t a  were t aken .  For  t h i s  purpose  i t  i s  e s s e n t i a l  t o  keep 
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a  log- type notebook t h a t  c l e a r l y  i d e n t i f i e s  t i m e s ,  p l a c e s ,  c o n d i t i o n s  , 
e t c .  f o r  f u t u r e  u s e .  
I t  h a s  been recognized  by t h e  Bureau of Mines and by NBS/ITS t h a t  any 
f i e l d  t r i p  i n t o  a  mine c o n s t i t u t e s  an  i n t e r f e r e n c e  w i t h  t h e  normal mining 
o p e r a t i o n s .  For t h i s  r eason  i t  i s  e s s e n t i a l  t h a t  t h e  f i e l d  crew be  
thoroughly schooled  i n  e f f i c i e n t ,  e f f e c t i v e  u s e  of t i m e  w i t h i n  t h e  mines .  
Th i s  means t h a t  t h e  r o l e  of each o f  t h e  f i e l d  crew must b e  we l l -de f ined  
and known t o  him p r i o r  t o  e n t r y  i n t o  t h e  mines .  As an  a i d  t o  t h i s ,  i t  
i s  i m p o r t a n t  t h a t  documented tes t  p l a n s  b e  p repared  t o  a s s u r e  n o t  on ly  
t h a t  minimum i n t e r f e r e n c e  w i t h  mining o p e r a t i o n s  i s  h a d ,  b u t  t h a t  a  
t i m e l y  and e f f e c t i v e  c o l l e c t i o n  of t h e  d a t a  n e c e s s a r y  is  made. These 
test p l a n s  would,  t h e r e f o r e ,  i d e n t i f y  t h e  s p e c i f i c  purpose  of each  
p lanned  t r i p  t o  a mine,  and i n c l u d e  t h e  d a t a  gaps which a r e  expec ted  t o  
b e  f i l l e d  e i t h e r  f u l l y  o r  p a r t i a l l y  by such a  f i e l d  t r i p .  
V I .  SOME QUESTIONS AND ITEMS TO BE RESOLVED 
The Boulder  meet ing d i d  r e v e a l  some a r e a s  of concern t o  t h e  d e s i g n  o f  
t h e  i n s t r u m e n t a t i o n  s y s  t e m .  These q u e s t i o n s  and i t e m s  a r e  r e p e a t e d  h e r e  
f o r  t h e  s a k e  o f  r e c o r d .  They a r e  n o t  meant t o  b e  a l l - i n c l u s i v e . *  
A. Tape Recorder S u i t a b i l i t y  
Is t h e  c a n d i d a t e  t a p e  r e c o r d e r  ( t h e  Lockheed 417WB) s u i t a b l e  f o r  t h e  use  
i n t e n d e d ?  a )  What is  t h e  a b s o l u t e  v a l u e  of t h e  n o i s e  f l o o r  i n  t h e  FM 
wideband r e c o r d i n g  mode? b )  What i s  t h e  a b s o l u t e  v a l u e  of t h e  d i r e c t  
r e c o r d i n g  mode n o i s e  f l o o r ?  c )  Is i t  expec ted  t h a t  t h e  r e c o r d e r  w i l l  b e  
s u f f i c i e n t l y  r e l i a b  le  f o r  u s e  i n  t h e  mining environment?  NBS /ITS w i l l  
o b t a i n  t h e  answers t o  a , b ,  and c  by means o f  measurements on a  c a n d i d a t e  
r e c o r d e r  and by means of q u e r i e s  t o  user's o f  t h a t  r e c o r d e r .  I f  t h e  41nJB 
i s  n o t  s u i t a b l e ,  t h e  417 w i l l  b e  used i n s t e a d .  
* These and o t h e r  q u e s t i o n s  were subsequ.ent ly  addressed  and r e s o l v e d  as 
t h e  i n s t r u m e n t a t i o n  system w a s  assembled and t e s t e d  d u r i n g  t h e  remainder  
o f  1972. (See Appendix t o  t h i s  P a r t . )  
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B. System O r g a n i z a t i o n  
What i s  t h e  b e s t  sys tem o r g a n i z a t i o n  f o r  r e c o r d i n g  t h e  d a t a  needed? It 
i s  e x p e c t e d  t h a t  t h e  s y s  tem o r g a n i z a t i o n  w i l l  be  p r e t t y  much a s  shown i n  
t h e  b l o c k  diagrams and i n  t h e  o p t i o n s  t h e r e t o .  S p e c i f i c  m o d i f i c a t i o n s  
of  t h i s  may r e s u l t  from e a r l y  p r o o f i n g  tests o f  t h e  equipment i n  a n  
o p e r a t i n g  mine and may r e v e a l  c h a r a c t e r i s t i c s  of t h e  n o i s e  a s  y e t  unknown, 
which cou ld  r e s u l t  i n  a  need t o  modify t h e  n o i s e  measurement sys tem.  
C .  Dynamic Xange C o n s i d e r a t i o n s  
There  seems no doubt  t h a t  t h e  dynamic range  of t h e  n o i s e  v o l t a g e s  t h a t  
appear  a t  t h e  o u t p u t  t e r m i n a l s  o f  t h e  loop  an tennas  w i l l  b e  such a s  t o  
c h a l l e n g e  t h e  a b i l i t y  t o  r e c o r d  t h e  v o l t a g e s  w i t h  a c c e p t a b l e  f i d e l i t y .  
The work of Bensema shows t h e  s e r i o u s n e s s  of t h i s  problem. 
Even i f  t h e  n o i s e  were s t a t i o n a r y ,  a  v e r y  s u b s t a n t i a l  dynamic range  o.C 
r e c o r d i n g  c a p a b i l i t y  i s  r e q u i r e d  t o  s i m u l t a n e o u s l y  ob t a i n  t h e  l e v e l  o f  
l i n e s  (60 & 360Hz harmonics)  and s i m u l t a n e o u s l y  t h e  b a s e  l e v e l  of n o i s e  
between t h e  l i n e s .  When t h e  t ime v a r i a b i l i t y  o f  t h e  n o i s e  i s  added,  i t  
compounds t h e  problem. Bensema s o l v e d  t h i s  problem by us ing  s k i l l e d  
o p e r a t o r s  t o  a d j u s t  r e c o r d i n g  g a i n  t o  conform t o  t h e  n o i s e  b e i n g  r e c e i v e d .  
Such s k i l l  w i l l  b e  r e q u i r e d  i n  t h e  proposed program. 
A second problem r e l a t e d  t o  dynamic r a n g e ,  and more p a r t i c u l a r l y  t o  t h e  
n o i s e  f l o o r ,  i s  t h e  e f f e c t  of  t h e  number of b i t s  used f o r  AID convers ion  
on t h e  computer-generated FFT n o i s e  power s p e c t r a .  The q u e s t i o n s  t o  be  
answered a r e  : How is t h e  q u a n t i t i z i n g  n o i s e  measured? How does quan- 
t i t i z i n g  n o i s e  appear  a s  a  n o i s e  f l o o r  i n  t h e  FFT s p e c t r a ?  Which AID 
c o n v e r t e r  s h o u l d  b e  u s e d ,  t h e  moderate  sampl ing r a t e  1 2 - b i t  model used 
p r e v i o u s l y  by Bensema o r  t h e  h i g h e r  sampl ing  r a t e  8 - b i t  model t h a t  may 
a l s o  b e  a v a i l a b l e ?  
D. T ransmiss ion  Measurements 
The h i g h  p r i o r i t y  a t t a c h e d  t o  deve lop ing  wireless communication from t h e  
f a c e  a r e a  t o  t h e  l o a d i n g  p o i n t s ,  p l a c e s  emphasis on o b t a i n i n g  measures 
of EM t r a n s m i s s i o n  i n  t h i s  a r e a .  I t  i s  expec ted  t h a t  t h e  measurement 
program w i l l  i n c l u d e  loop-to-loop t r a n s m i s s i o n  measurements.  For 
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example, a r ece ive  loop could be  s e t  up n e a r  t h e  loading p o i n t ,  and t h e  
t r a n s m i t t i n g  loop then could be moved p rog re s s ive ly  f u r t h e r  away from 
t h e  r e c e i v e  loop down e n t r i e s  and through c ross -cu ts .  Se l ec t ed  £re- 
quencies  cover ing t he  range t o  lOOkHz c.ould be examined. 
E.  Conducted Noise Measurements 
Data on t he  conducted n o i s e  c a r r i e d  by phone l i n e s  and by t r o l l e y  l i n e s  
i s  d e s i r e d .  To o b t a i n  such measurements coupl ing t o  t h e s e  l i n e s  i s  
d e s i r e d .  Two problems need be  reso lved  i n  such a program: 1 )  l i m i t i n g  
of t he  expected powerful v o l t a g e  t r a n s i e n t s  known t o  be p r e s e n t  on bo th  
k inds  of l i n e s ,  and 2)  decoupl ing of  t he  d-c v o l t a g e  p r e s e n t  on t h e  
t r o l l e y  l i n e s .  
F. Tape Recorder Cross Talk and Non- l inear i ty  
The proposed use of most of t h e  channels of a 7-track r eco rde r  imposes a 
problem a s s o c i a t e d  wi th  c ro s s  t a l k  be tween channels .  Measurements need 
t o  be made t o  determine t h e  degree t o  which t h i s  c r o s s  t a l k  occurs  and 
how i t  a f f e c t s  t h e  measurements. There a r e  p r e f e r r e d  ways of s e t t i n g  up 
t h e  channels t o  minimize such e f f e c t s ,  and t he se  should be used. 
The non - l i nea r i t y  of t h e  record ing  process  can c o n t r i b u t e  a r t i f a c t s  t o  
c e r t a i n  types  of r eco rd ings .  I n  p a r t i c u l a r ,  where a s i n g l e  f requency 
dominates t he  recorded d a t a  i t  can be expected t h a t  t h e  record-playback 
process  w i l l  g ene ra t e  harmonics of  t h i s  f requency.  The degree t o  which 
t he  record ing  system i s  s u s c e p t i b l e  t o  t h i s  harmonic gene ra t i on  needs t o  
be  determined. 
G.  Computer-Generated Power Spec t r a  
I n  o r d e r  t o  b e t t e r  e s t i m a t e  t h e  broadband n o i s e  f l o o r  l e v e l s  between 
t h e  harmonics of 60Hz and 360Hz, f i n e r  r e s o l u t i o n  on t he  computer a n a l y s i s  
bandwidths and/or  b e t t e r  out-of-band response is  d e s i r e d ,  p a r t i c u l a r l y  
f o r  ana lyz ing  d a t a  below about  5kHz. A t  t h e  meeting we agreed t h a t  t he se  
improvements a r e  d e s i r e d  on ly  i f  they can be r e a l i z e d  w i thou t  major s o f t -  
ware mod i f i ca t i ons  t o  e x i s  t i n g  computer programs a t  NBS/NOAA. The 
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p r e s e n t  out-of-band response  a p p a r e n t l y  i n c l u d e s  improvement f e a t u r e s  
a l r e a d y .  A n a l y s i s  r e s o l u t i o n  can s t i l l  b e  improved (made narrower)  by  a  
f a c t o r  of two, w i t h  o n l y  minor s o f  m a r e  ad jus tments  accord ing  t o  
Bensema. So t h i s  may b e  worth  g e t t i n g .  However, t h e  r e s u l t a n t  r e s o l u -  
t i o n  w i l l  a l s o  b e  a  f u n c t i o n  of t h e  degree  of f r equency  s c a l i n g  used t o  
a n a l y z e  t h e  t a p e s .  
I t  would a l s o  b e  d e s i r a b l e  t o  b e  a b l e  t o  i n c r e a s e  t h e  number of t i m e  
segments used t o  g e n e r a t e  t h e  power spec t rum e s t i m a t e s ,  above t h e  20 
used f o r  t h e  p r e v i o u s  NBS measurements;  a g a i n ,  i f  t h i s  can b e  done w i t h -  
o u t  ma jor  changes and expense .  I n  t h i s  way t h e  spect rum e s t i m a t e s  cou ld  
b e  based  on l o n g e r  and pe rhaps  more r e p r e s e n t a t i v e  t i m e  i n t e r v a l s  f o r  
a s s e s s i n g  t h e  n o i s e  impact  on v o i c e  communications,  p a r t i c u l a r l y  i f  t h e  
c o a l  mine n o i s e  environments  a r e  n o n - s t a t i o n a r y .  The a b i l i t y  t o  v a r y  
t h e  number of segments above 20 would a l s o  a l l o w  some c o a r s e  assessment  
of  t h e  degree  of n o i s e  s t a t i o n a r i t y  . C o n s i d e r a t i o n s  such  a s  t h e  above 
s h o u l d  b e  examined i n  more d e t a i l ,  i n  o r d e r  t o  g e t  maximum u t i l i z a t i o n  of 
t h e  i n s t r u m e n t a t i o n  and d a t a  p r o c e s s i n g  p o t e n t i a l  i n  t h e  most e f f i c i e n t  
and economical  manner. 
H .  Choice of  Mines f o r  Measurements 
T e n t a t i v e  c r i t e r i a  have been  e x p r e s s e d  on which t o  b a s e  t h e  cho ice  of  
mines f o r  conduc t ing  t h e  s c o u t i n g - p a r t y  measurements.  Some of t h e s e  
a r e :  t h a t  they  b e  l a r g e  b i tuminous  mines i n  t h e  E a s t ,  w i t h  h i g h  r o o f s ,  
and i n  Pennsy lvan ia  o r  West V i r g i n i a  f o r  convenience;  w i t h  a  DC t r o l l e y  
h a u l a g e  s y s t e m ,  c o n v e n t i o n a l  and c o n t i n u o u s l y  mined f a c e s ,  and 3-phase 
r e c t i f i e d  power c e n t e r s .  The c r i t e r i a  need t o  b e  s p e l l e d  o u t  i n  more 
d e t a i l ,  expanded,  and f i n a l i z e d  t o  conform w i t h  t h e  measurement program 
o b j e c t i v e s  and t h e  requ i rements  of t h e  Bureau of  Mines , which a l s o  a r e  
t o  b e  f i n a l i z e d .  
I .  Experiment Design 
I t  was agreed  t h a t  long- term measurements over  s e v e r a l  c o n s e c u t i v e  weeks 
o r  months i n  a  mine were  n o t  w a r r a n t e d  f o r  t h e  s c o u t i n g - p a r t y  measurement 
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program. The mine n o i s e  c h a r a c t e r i s t i c s  and l e v e l s  a r e  l i k e l y  t o  b e  
q u i t e  s i m i l a r  from w o r k - s h i f t  t o  w o r k - s h i f t  and r e p e a t e d  many t i m e s  
d u r i n g  a  work-shif  t . Theref o r e ,  measurements need b e  made i n  a  few 
d i f f e r e n t  mines , a t  s e v e r a l  r e p r e s e n t a t i v e  l o c a t i o n s  and t imes  through- 
o u t  a  w o r k - s h i f t ,  o v e r  a  few c o n s e c u t i v e  d a y s ,  i n  t h e  v i c i n i t y  of impor- 
t a n t  e l e c t r i c a l  equipment and f a c i l i t i e s ,  under  d i f f e r e n t  o p e r a t i o n a l  
c o n d i t i o n s  and l o a d s .  Such measurements a r e  expec ted  t o  p r o v i d e  
s u f f i c i e n t  d a t a  f o r  g e n e r a t i n g  s t a t i s t i c a l l y  s i g n i f i c a n t  power spec t rum 
and ampl i tude  and t i m e  d i s t r i b u t i o n  e s t i m a t e s  t h a t  can t h e n  b e  used f o r  
making f i r s  t - o r d e r  s y s  t e m  performance e s t i m a t e s  and d e c i s i o n s  r e g a r d i n g  
t h e  c a n d i d a t e  mine communication t e c h n i q u e s .  D e t a i l e d  p l a n s  r e g a r d i n g  
t h e  l o c a t i o n s ,  equipments , c o n d i t i o n s ,  t ime d u r a t i o n s ,  e t c .  , of s p e c i f i c  
measurements have y e t  t o  b e  fo rmula ted  and i n t e g r a t e d  i n t o  a  n o i s e  
measurement program des igned  t o  y i e l d  t h e  d e s i r e d  r e s u l t s  i n  an e f f i c i e n t  
and economical  manner. 
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APPENDIX 
SUMMARY REPORTS OF ELECTROMAGNETIC (EM) N O 1  SE 
FIEASUREMENT PROGRAM REVIEW MEETINGS 
I. INTRODUCTION 
From May of 1972 t h r o u g h  Oc tobe r  1973  ADL s t a f f  s e r v e d  PMSRC i n  an 
a d v i s o r y  and c o o r d i n a t i n g  c a p a c i t y  w i t h  r e s p e c t  t o  t h e  B u r e a u ' s  measure- 
ment program f o r  o b t a i n i n g  q u a n t i t a t i v e  n o i s e  d a t a  t o  c h a r a c t e r i z e  t h e  
EM n o i s e  env i ronmen t s  o f  underground c o a l  mines .  I n  t h i s  c a p a c i t y  ADL 
s t a f f  k e p t  i n  c l o s e  t o u c h  w i t h  t h e  NBS measurement team, and p a r t i c i p a t e d  
i n  p e r i o d i c  s t a t u s  r e p o r t  and s y s t e m  rev iew m e e t i n g s  w i t h  t h i s  team and 
PMSRC, d u r i n g  b o t h  t h e  s y s t e m  i m p l e m e n t a t i o n  p h a s e  and t h e  s u b s e q u e n t  
n o i s e  d a t a  a c q u i s i t i o n  and r e d u c t i o n  p h a s e s .  T h i s  Appendix p r e s e n t s  
f o r  h i s t o r i c a l  r e f e r e n c e  a  c o l l e c t i o n  of memoranda p r e p a r e d  by ADL f o r  
PMSRC t o  r e c o r d  t h e  p r i n c i p a l  f i n d i n g s  and d e c i s i o n s  of  t h e s e  m e e t i n g s .  
. . 
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11. EM NOISE MEASUREMENT PROGRAM MEETING AT NBS, BOULDER, COLORADO ON 
24 MAY 1972 
The EM Noise Measurement Program s t a t u s  r e p o r t  meeting a t  NBS,  Boulder,  
Colorado, on 24 May 1972, was a t tended  by H.  Parkinson of Bureau of Mines ; 
R .  Lagace and R.  Spencer of ADL; J .  Adams, W .  Bensema and H .  Taggart  of 
NBS; W .  S tou t  and H .  Kuchera of Co l l i n s  R.adio; and D.  Spaulding of ITS 
(only f o r  a s h o r t  t ime) .  The p r i n c i p a l  f i nd ings  and dec i s ions  a r e  sum- 
marized below. 
A .  TEST DESIGN AND PLANNING 
Program Schedule 
BuMines p r e f e r s  t h a t  t e s t s  i n  mines be  s t a r t e d  by August, b u t  NBS es t ima te s  
i t  w i l l  be  a t  l e a s t  f ou r  months be fo re  i t  w i l l  b e  ready t o  do in-mine t e s t s .  
A t  very l a t e s t ,  BuMines wants in-mine work s t a r t e d  w e l l  be fo re  November 
because of the  problems of snow and adverse weather a f t e r  t h a t  t ime. 
The long l ead  time equipment has  been ordered by NBS wi th  n e g o t i a t i o n s  s t i l l  
i n  progress  wi th  S toddar t  regard ing  r e c e i v e r  modi f ica t ions .  Though t h e  pro- 
gram has  moved forward, s e v e r a l  equipment r e l a t e d  d e t a i l s  and many planning 
and t e s t  des ign  i tems have t o  be  reso lved .  Previous commitments of NBS 
and ITS s t a f f  a r e  expected t o  t a p e r  o f f  by J u l y ,  a t  which time s u b s t a n t i a l  
e f f o r t  w i l l  be  devoted t o  t h e  BuMines n o i s e  i n s t rumen ta t i on  and measurement 
program. 
Coal Mines f o r  Tes t s  and The i r  E l e c t r i c a l  Environments 
Tes t s  a r e  be ing  planned f o r  t h r e e  b i g  Eas te rn  mines: 
a .  U.S. S t e e l  - Robena Mine i n  Uniontown, Pennsylvania 
- Continuous mining with 600V DC r a i l  haulage 
- Depth - 1,000 f e e t  
b .  I s l a n d  Creek - North Branch Mine, Char les ton ,  W .  V i r g i n i a  
- Continuous mining wi th  300V DC r a i l  personnel  haulage 
and 440V AC b e l t  haulage 
- Depth - 400-500 f e e t  
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c. I s l a n d  Creek - Alpine Mine, Char les ton ,  W .  V i rg in i a  
- Conventional mining wi th  300V DC r a i l  personnel  haulage 
and 440V AC b e l t  haulage 
- Depth - 400-500 f e e t  
Frequencies p re sen t  i n  many mines a r e  given below: 
Telephone Frequencies : i n  Hz : 
300Hz t o  3000Hz Voiceband 
Tro l l ey  Line Frequencies : i n  kHz: 
(MSA) (FEMCO) FM C a r r i e r  Deviat ion 
61,  72, 85, 88, 100 +3% C a r r i e r  - 
116, 113, 114, 163, 190 + 3kHz - 
(Tro l ley  phones usua l ly  on f o r  10-15 second b u r s t s )  
Fan S igna l ing  and Pump Control  Frequencies : i n  kHz: 
(Sent over  s u r f a c e  AC power l i n e s  by pu l s ing  c a r r i e r  
15 seconds on, 5 seconds o f f )  
Hoist  Freauencies  : i n  kHz: 
163 t y p i c a l ,  though some use t r o l l e y  phone 
frequency of 88,  100. 
Noise measurements should be  made r e a l i z i n g  t h a t  mine communication t r a n s -  
missions on t h e s e  f r equenc i e s ,  and a l s o  some from s u r f a c e  t r a n s m i t t e r s ,  
w i l l  be  picked up by t h e  n o i s e  measurement equipment, s o  t h a t  app rop r i a t e  
precaut ions  must b e  taken t o  ensure  t h e  c o l l e c t i o n  of unambiguous n o i s e  
da t a .  
Tes t  S i t e  Communications 
BuMines wants a  communication l i n k  f o r  t e s t  coord ina t ion  between t h e  s u r f a c e  
and underground teams. This  l i n k  should no t  monopolize t h e  baseband mine 
te lephone.  I n s t e a d  i t  should make use of a  c a r r i e r  on t h e  mine te lephone 
l i n e .  This  w i l l  b e  coupled t o  an independent base s t a t i o n  which w i l l  r e l ay  
t h e  messages v i a  r a d i o  t o  mobile u n i t s  of t h e  s u r f a c e  team. Motorola gea r  
i s  be ing  purchased by BuMines t o  provide t h i s  coord ina t ion .  
-L 
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Noise Data Des i red  
I n  r e f e r e n c e  t o  t h e  n o i s e  c h a r a c t e r i s t i c s  of i n t e r e s t  l i s t e d  i n  Table  4 
of t h e  ADL A p r i l  1972 Noise Program Report ,  t h e  C o l l i n s  Radio people  were 
asked t o  comment on what n o i s e  parameters  were most important  f o r  t h e i r  
work. They responded t h a t  t h e  h igh  r e s o l u t i o n  power s p e c t r a  were most 
impor tan t .  With regard  t o  APD's, they a r e  n o t  i n t e r e s t e d  i n  t h e  3-D s h o r t -  
term ones i n  t h e  NBS r e p o r t ,  b u t  want l onge r  term s t a t i s t i c s  t h a t  can be  
used t o  i d e n t i f y  good, average ,  and wors t  case  n o i s e  cond i t i ons .  Time 
s t a t i s t i c s  on t h e  d u r a t i o n  between no i se  b u r s t s  and b u r s t  d u r a t i o n  a r e  
a l s o  of i n t e r e s t ,  b u t  cons idered  t o  be of secondary importance r e l a t i v e  
t o  t h e  power s p e c t r a  and APD's. The ques t i on  of what w i l l  c o n s t i t u t e  
long enough time samples f o r  s p e c i f y i n g  "long termtt APD's t h a t  e x h i b i t  
t h e  impor tan t  c h a r a c t e r i s t i c  v a r i a t i o n s  found i n  c o a l  mines has  s t i l l  
t o  b e  r e so lved .  NBS a l s o  recommends such long-term APD s t a t i s t i c s ,  
b u t  w i th  about an equa l  emphasis on time d i s t r i b u t i o n  s t a t i s t i c s  (TPD's) 
i f  low d a t a  r a t e  code systems a r e  of i n t e r e s t .  
Conducted Noise Measurements 
It was agreed t h a t  very l i t t l e  thought  ha s  been given t o  t h i s  t o p i c ,  w i th  
regard  t o  e x a c t l y  what d a t a  a r e  r e q u i r e d ,  what equipment i s  needed, and 
where,  when, and under what condi t ions  a r e  t h e  d a t a  t o  b e  taken .  Con- 
ducted n o i s e  on bo th  t h e  DC t r o l l e y  l i n e s  and t h e  te lephone l i n e s  (and 
perhaps power l i n e s )  a r e  of i n t e r e s t  t o  BuMines. Concerns were expressed 
regard ing  t h e  e f f e c t s  of moving l o a d s ,  such a s  locomotives and jeeps  on 
t h e  measured d a t a ,  and what l o c a t i o n s  on t h e  l i n e s  make most s ense  t o  
make t h e  measurements. Much more cons ide ra t i on  must be given t o  t h e s e  
measurements, b u t  t h i s  t a s k  was n o t  s p e c i f i c a l l y  ass igned  t o  anyone. 
Transmission Measurements 
Very l i t t l e  thought had been given t o  t h i s  t o p i c ,  s o  BuMines ass igned  t h e  
t a s k  of dev i s ing  meaningful t r ansmis s ion  measurements over  t h e  f requency 
band of i n t e r e s t  t o  C o l l i n s  Radio. A s  a  minimum, BuMines wants measure- 
ments of t r ansmis s ion  l o s s  between s e c t i o n  load ing  p o i n t s  and l o c a t i o n s  
throughout a  working s e c t i o n ,  i nc lud ing  t h e  f a c e  a r e a ;  and between work- 
i n g  s e c t i o n s  and t h e  s u r f a c e  above. These measurements should b e  coor- 
d ina t ed  w i th  t h e  n o i s e  measurements. I n  p a r t i c u l a r ,  BuMines expressed  
a  d e s i r e  f o r  a  s u r f a c e  loop f o r  t r a n s m i t t i n g  t o  t h e  f a c e  a r e a  dur ing  
t h e  a c q u i s i t i o n  of n o i s e  d a t a .  The s ec t i on - to - su r f ace  measurements a r e  
expected t o  assist i n  t h e  des ign  of a  low bandwidth d i g i t a l  through-the- 
e a r t h  parameter  moni tor ing l i n k  t h a t  C o l l i n s  i s  working on f o r  BuMines. 
C o l l i n s  i s  t o  coo rd ina t e  i t s  t r ansmis s ion  measurement t e s t  p l ans  c l o s e l y  
w i th  t h e  NBS n o i s e  measurement e f f o r t s .  
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A t ransmit ter-power a m p l i f i e r  is s t i l l  r equ i r ed  f o r  t h e s e  measurements. 
Two p o t e n t i a l  sources  were c i t e d  t o  be checked: two a m p l i f i e r s  owned by 
BuMines , one owned by D .  Aldr idge of WVU. A power a m p l i f i e r  capable  of 
10 w a t t s  CW ou tpu t  over  t he  300Hz t o  400kHz band i s  d e s i r e d  f o r  t h e s e  
experiments . 
B .  EQUIPMENT 
Tape Recorders 
A battery-powered Lockheed 417WB reco rde r  ha s  been ordered  f o r  use  i n  t he  
mines a s  planned. However, a  somewhat l a r g e r  Honeywell S e r i e s  5600 u n i t  
wi th  a  0-40kHz FM and a  0-300kHz D i r e c t  record  c a p a b i l i t y  has  been sub- 
s t i t u t e d  f o r  t h e  second Lockheed 417WB planned f o r  use on t h e  s u r f a c e .  
The Honeywell u n i t  was chosen f o r  t h e  s u r f a c e  because b e t t e r  reduced- 
speed t ape  dubs could be genera ted  by t he  Honeywell u n i t ,  s i n c e  i t  o f f e r e d  
t h e  c a p a b i l i t y  of g e t t i n g  r i d  of wow and f l u t t e r  by s e rvo -con t ro l l i ng  t h e  
playback t o  a  CW tone recorded on t h e  t ape  w i t h  t he  measured n o i s e .  
The p l an  i s  t o  playback t he  Lockheed 0-100kHz FM record ings  on t h e  Honeywell 
a t  1 /2  speed ,  thereby  compressing t h e  n o i s e  spectrum i n t o  t h e  band from 
0-5OkHz. The means f o r  ob t a in ing  f u r t h e r  reduc t ions  t o  enable  p rocess ing  
by t h e  A/D conve r t e r  were n o t  d i s cus s sed .  NBS is  s t i l l  n o t  s u r e  how t h e  
n o i s e  s p e c t r a  w i l l  be  a f f e c t e d  when t h e  Lockheed 0-375kHz D i r e c t  record ings  
a r e  played back i n t o  t h e  Honeywell 0-100kHz D i r e c t  a t  reduced speed.  
NBS was concerned about p o t e n t i a l  dynamic range problems i f  record ings  
were made ac ros s  t h e  t o t a l  0-100kHz FM on 0-375kHz frequency ranges .  It 
was decided t h a t  s i n g l e  frequency CW dynamic range c a l i b r a t i o n s  could be  
made on H. Tagga r t ' s  loop c a l i b r a t i o n  f a c i l i t y .  There is  s t i l l  a  ques t i on  
r ega rd ing  how seven record- leve l  s e t t i n g s  can exped i t i ous ly  be made i n  t h e  
f i e l d .  
As a r e s u l t  of (a )  t h e  above d i s c u s s i o n ,  (b) ques t ions  concerning s enso r  
response and system n o i s e  l i m i t a t i o n s  imposed on dynamic range ve r sus  f r e -  
quency, (c)  300Hz be ing  t h e  lower cu to f f  frequency normally used f o r  vo i ce  
communications, and (d) t he  a v a i l a b i l i t y  of Lincoln Lab s u r f a c e  n o i s e  d a t a  
t o  f r equenc i e s  down t o  3Hz; i t  was decided t h a t  (1) t he  lower frequency 
l i m i t  of t h e  n o i s e  measurement system would be r a i s e d  from 40Hz up t o  
300Hz, (2)  t h e  6OHz n o i s e  component would be  f i l t e r e d  ou t  be fo re  r eco rd ing ,  
(3) cons ide ra t i on  would be given t o  f i l t e r i n g  ou t  t h e  360Hz component t o o ,  
b u t  perhaps t o  l e s s e r  degree than  t h e  ~ O H Z ,  and (4)  W .  Bensema would choose 
t h e  app rop r i a t e  s i g n a l  cond i t i on ing  e l e c t r o n i c s  t o  produce t h e  d e s i r e d  
f avo rab l e  no i s e  r eco rd ings .  To accomplish (4) t he  300Hz t o  400kHz band 
may have t o  be  s p l i t  up i n t o  a  h igh  and a  low band. The t a p e  r eco rde r s  
had n o t  been r ece ived  and t e s t e d  a s  of t h i s  v i s i t .  
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Stoddar t  Receivers  
The NM-12T and NM-25T r e c e i v e r s ,  and a s soc i a t ed  (6)  30-inch loops and (2) 
12-inch loops have been ordered ,  b u t  t h e  ques t ion  of who, ITS o r  S todda r t ,  
i s  going t o  make the  r equ i r ed  modi f ica t ions  (rms power and V o u t p u t s ,  
and heterodyning t o  baseband) had no t  y e t  been reso lved .   athes he son of 
ITS (not  p r e sen t )  is t o  fol low t h i s  up. I n  Matheson's absence,  J .  Adams 
gave a  thumbnail ske tch  of developments t o  d a t e .  Two poss ib l e  configura-  








I L NM-12T Heterodyne - APD 
or 25T to 455kHz Machine - 
The provis ions  f o r  genera t ing  t h e  i n d i c a t e d  n o i s e  APD's w i t h i n  t he  r e c e i v e r  
passband a t  s p e c i f i c  c a r r i e r  f requenc ies  of i n t e r e s t  look sound. But t h e  
system as  shown dev ia t e s  i n  one major r e 9 ) e c t  from t h a t  o r i g i n a l l y  proposed. 
Namely, t h e  r e c e i v e r  IF  ou tput  i s  being heterodyned down t o  50kHz i n s t e a d  of 
t o  baseband p r i o r  t o  be ing  recorded. The o r i g i n a l  system s p e c i f i c a t i o n  t o  
use baseband, would allow f o r  d i r e c t  compatible process ing  of t he  recorded 
S toddar t  waveforms by the  NBS spectrum a n a l y s i s  system. Since t h i s  change 
t o  a  50kHz c a r r i e r  does no t  a l low such convenient a n a l y s i s ,  reasons f o r  
t h e  change were reques ted .  I n  t he  absence of a l l  ITS personnel ,  t h e  
answer was n o t  a v a i l a b l e ,  s o  J .  Adams agreed t o  check t h i s  ou t  l a t e r  w i th  
R.  Matheson. 
F i e l d  Components and Sensors 
NBS recommended some simultaneous measurenlents of a l l  s i x  f i e l d  components, 
t h r e e  magnetic and t h r e e  e l e c t r i c ,  a s  opposed t o  j u s t  magnetic f i e l d s  as  
o r i g i n a l l y  planned. S i x  30" and two 12" sh i e lded  S toddar t  loops have been 
purchased f o r  the  magnetic f i e l d .  The 30"' loops a r e  s e l f - r e sonan t  a t  approx- 
imately 390kHz, which may be f a r  enough removed from the  h i g h e s t  frequency 
t o  be recorded.  Spec i a l  e l e c t r i c  f i e l d  sensor  antennas a r e  t o  be  made f o r  
t h e  e l e c t r i c  f i e l d .  ADL expressed concern. about t h e  d i f f i c u l t i e s  normally 
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a s s o c i a t e d  wi th  t ak ing  c a l i b r a t e d  E-f i e l d  "near-f i e l d "  n o i s e  measurements 
i n  adverse  environments,  such as  mines. Such c losed  environments t h a t  con- 
t a i n  many conduct i n g  s t r u c t u r e s  can e a s i l y  change t he  response c h a r a c t e r i s -  
t i c s  of whip antennas and d i s t o r t  t h e  e l e c t r i c  f i e l d s  t o  be  measured, 
thereby  making t h e  r e s u l t s  d i f f i c u l t  t o  i n t e r p r e t .  The l i m i t e d  number of 
a v a i l a b l e  t ape  channels may a l s o  impose dynamic range l i m i t a t i o n s  f o r  such 
measurements. NBS acknowledged t he se  d i f f i c u l t i e s  and t h e r e f o r e  p lans  t o  
l i m i t  t h e  measurements of a l l  s i x  f i e l d  components t o  a  sma l l  number of 
t h e  t e s t s .  Great  c a r e  w i l l  have t c  be taken i n  choosing, c a l i b r a t i n g ,  and 
us ing  an app rop r i a t e  E - f i e ld  s enso r  antenna.  NBS f e e l s  t h a t  t he se  E- f ie ld  
measurements may h e l p  determine t h e  r e l a t i o n s h i p s  between t h e  s t r e n g t h s  of 
t h e  E- and H-f ie lds  i n  n e a r - f i e l d  c o a l  mine environments.  ADL has  reserva-  
t i o n s  concerning t h e  va lue  of t he se  E - f i e ld  measurements, and f e e l s  t h a t  
t h e  s u b j e c t  should  b e  d i s cus sed  i n  more d e t a i l .  
P e r m i s s i b i l i t v  Cons idera t ions  
NBS would l i k e  t o  b r i n g  a l l  i t s  measurement g e a r ,  i n s t e a d  of j u s t  t h e  loops 
and preamps, i n t o  working s e c t i o n s ,  i nc lud ing  f a c e  a r e a s .  The t o p i c  was 
d i s cus sed ,  wi th  a  t e n t a t i v e  agreement t h a t  i t  may be p o s s i b l e .  However, 
t o  be s u r e  NBS should send equipment d e s c r i p t i o n s  and c i r c u i t  diagrams t o  
Bob Wolfe a t  PMSRC, who i s  t h e  BuMines man concerned w i th  t h e  requirements  
f o r  s a f e  e l e c t r i c a l  c i r c u i t s .  
C .  ANALYSIS 
Noise Power Spec t r a  
ITS commented on t h a t  p a r t  of t h e  second paragraph on Page 20 of 
t h e  ADL Ins t rumen ta t i on  System Technica l  Memorandum of A p r i l  1972, regard ing  
t h e  ou tpu t s  of spectrum ana lyzers  r e l a t i v e  t o  those  of computer-generated 
power s p e c t r a .  Namely, when r e f e r r i n g  t o  convent iona l  spectrum ana lyze r s  
t h a t  u t i l i z e  succes s ive  l oga r i t hmic  d e t e c t i o n  of t h e  envelope of t h e  i n p u t  
waveform, t h e  ana lyze r  can be c a l i b r a t e d  f o r  CW s i g n a l s ,  such as  harmonics,  
b u t  n o t  f o r  broadband n o i s e .  Therefore  t he  ou tpu t  of t h e  ana lyze r  w i l l  
agree  w i th  t h e  computer s p e c t r a  only f o r  t h e  CW harmonic n o i s e  l e v e l s ,  
b u t  n o t  f o r  t h e  broadband n o i s e  spectrum l e v e l s  between the harmonics. 
ADL agreed w i th  ITS'S comments. 
NBS r epo r t ed  t h a t  i t  had no t  y e t  examined how t h e  number of b i t s  i n  
t h e  A/D q u a n t i z a t i o n  process  a f f e c t e d  t h e  FFT generated broadband n o i s e  
s p e c t r a .  But NBS suggested a  good experiment t o  g e t  t he  answer; namely, 
t ake  t h e  p r e sen t  t apes  of quant ized  n o i s e  d a t a ,  and look f o r  changes i n  t h e  
computed FFT s p e c t r a  a s  t h e  l e a s t  s i g n i f i c a n t  b i t s  i n  t he  d a t a  a r e  d e l e t e d  
one a t  a  t ime.  ADL agreed t o  ask Evans of L inco ln  Lab f o r  h i s  judgment on 
t h e  ma t t e r .  It appears  t h a t  Evans d id  n o t  have t o  f a c e  t h i s  problem, 
because h i s  l a r g e  A/D dynamic range was d i c t a t e d  n o t  by harmonic ve r sus  
broadband n o i s e  spectrum l e v e l  dynamic range ,  b u t  by t h e  l a r g e  dynamic 
range r equ i r ed  t o  produce APD1s t o  t he  accuracy des i r ed  by Linco ln  Lab. 
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D . MISCELLANEOUS 
Page: 7 
H .  Parkinson heard  t h a t  a d d i t i o n a l  n o i s e  d a t a  has  been r e c e n t l y  r e l ea sed  by 
Lincoln Lab--and t h a t  ADL should v e r i f y  t h i s  w i th  J .  Evans of L inco ln .  
According 50 K e l l e r ' s  experiments and s t u d i e s ,  an overburden conduc t iv i t y  
of a 5 10- mholmeter i s  a good va lue  t o  assume f o r  c o a l  mines ~ 1 0 0 0  f e e t  
i n  depth.  Values a s  h igh  a s  a = 10-I  mho/meter a r e  seldom found except  
perhaps i n  s m a l l  pocke ts .  
H .  Crary of ITS sugges t s  t h a t  f requenc ies  around 1.5gHz may be  s u i t a b l e  
f o r  w i r e l e s s  po in t - to -po in t  t r ansmis s ion  i n  mine e n t r i e s ,  haulageways, 
e t c . ,  a s  a r e s u l t  of h igher -order  waveguide propaga t ion  modes. 
Radio communication ranges  i n  excess  of 2000 f e e t  were ob ta ined  by a 
Sunshine Mine rescue  team us ing  1 w a t t  Motorola walk ie  t a l k i e s  a t  a f  re-  
quency of 460mHz, w i th  t h e  a s s i s t a n c e  of ia /I12 w i r e  deployed on t h e  mine 
f l o o r  a s  t h e  team advanced i n t o  t h e  mine. 
H .  Parkinson has  exper ienced very f avo rab l e  w i r e l e s s  along-the-roof com- 
munication on working s e c t i o n s  on s e v e r a l  occas ions  t o  ranges  of s e v e r a l  
hundred f e e t .  This  was accomplished by connect ing a t r o l l e y  phone 25-watt 
88kHz t r a n s m i t t e r  ou tpu t  t o  two roof b o l t s  and r e c e i v i n g  w i th  a Reach 
pocket pager .  The impedance between two roof b o l t s  s t ayed  p r e t t y  cons t an t  
a t  about  20-25 ohms* when t h e  s e p a r a t i o n  between them exceeded about 30 f e e t  
i n  t h e  P i t t s b u r g h  c o a l  seam. Roof b o l t s  range from 3 t o  7 f e e t  i n  l e n g t h ,  
314 t o  1 inch i n  d iameter ,  w i th  a 9-inch square  roof p l a t e ,  and a 4 t o  5 
inch  diameter  expansion s e c t i o n  nea r  t h e  upper end. They a r e  t y p i c a l l y  
spaced 4 f e e t  and g r e a t e r  a p a r t ,  depending on roof cond i t i ons .  
* Data taken s i n c e  then i n d i c a t e  t h a t  t h e  t o t a l  t e rmina t i on  impedance f o r  
roof b o l t  p a i r s  s epa ra t ed  by 50-200 feet: f a l l s  mainly i n  t h e  range of 50- 
120 ohms. 
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111. EM NOISE MEASUREMENT PROGRAM MEETING AT NBS, BOULDER, COLORADO ON 
17 A'JCJST 1072 
On 1 7  August 1972 t h e  EM Noise  Measurement Program s t a t u s  r e p o r t  meet ing 
a t  NBS i n  Boulder ,  Colorado was a t t e n d e d  by Howard Park inson  of t h e  Bureau 
of  Mines;  R .  Lagace and R .  Spencer  of ADL, John Adams and Wil l iam Bensema 
of NBS, Don Spau ld ing  and Bob Matheson of  ITS; and B i l l  S t o u t  and Dean 
Anderson of  C o l l i n s  Radio.  The p r i n c i p a l  f i n d i n g s  and d e c i s i o n s  a r e  sum- 
marized below. 
A .  TEST DESIGN AND PLANNING 
Schedule  and T e s t  P l a n s  
The p r e s e n t  s c h e d u l e  c a l l s  f o r  making sys tem p r o o f - t e s t  n o i s e  measure- 
ments i n  t h e  L i n c o l n  mine d u r i n g  t h e  l a s t  week i n  September 1972,  and 
n o i s e  measurements i n  E a s t e r n  mines s t a r t i n g  a t  t h e  end of  October  1972. 
I t  was a g r e e d  t h a t  NBS would p r e p a r e  t e s t  p l a n s  f o r  t h e i r  v i s i t s  t o  t h e  
E a s t e r n  mines ,  and t h e s e  t e s t  p l a n s  would b e  s u b m i t t e d  t o  t h e  Bureau of 
Mines and t o  Ar thur  D .  L i t t l e ,  I n c .  A copy of  t h e  t e s t  p l a n  f o r  t h e  
L i n c o l n  mine p r e l i m i n a r y  p r o o f - t e s t s  would a l s o  b e  forwarded t o  A r t h u r  
D .  L i t t l e ,  I n c .  
O b i e c t i v e s  of Noise  Measurement P r o ~ r a m  
It was agreed  t h a t  t h e  o b j e c t i v e s  of t h e  p r e s e n t  measurement program a r e  
t o  o b t a i n  a s  o u t p u t  p r e s e n t a t i o n s  t h e  f o l l o w i n g  i t e m s ,  l i s t e d  a c c o r d i n g  
t o  t h e i r  p r i o r i t i e s  : 
1 )  Noise  Power S p e c t r a  
2) Noise  Amplitude P r o b a b i l i t y  D i s t r i b u t i o n s  (APD's) 
3) S i g n a l  A t t e n u a t i o n  Curves Pr imary ............................................................... 
4) Noise  P u l s e  D u r a t i o n  D i s t r i b u t i o n s  (PDD's) 
5) Noise  C o r r e l a t i o n s  
Secondary 
Communications Gear f o r  In-Mine Experiments 
Howard P a r k i n s o n  asked C o l l i n s  Radio t o  p r o v i d e  i d e a s ,  l is ts  of equip-  
ment,  and u t i l i z a t i o n  d e t a i l s  f o r  i n t e r f a c i n g  s u r f a c e  hand-held r a d i o  
sets w i t h  t h e  mine t e l e p h o n e  sys tem,  such t h a t  e x p e r i m e n t e r s  on t h e  
s u r f a c e  can t a l k  t o  e x p e r i m e n t e r s  i n  t h e  mine. The C o l l i n s  e f f o r t  i s  
t o  g i v e  PMSRC an a l t e r n a t i v e  t o  some of M o t o r o l a ' s  s u g g e s t i o n s .  The 
i n t e n t  i s  t o  p r o v i d e  a n  independent  phone l i n e - t o - r a d i o  i n t e r f a c e  a t  
t h e  s u r f a c e  end o f  t h e  mine t e l e p h o n e  l i n e ,  and quick-connect  loud  
s p e a k i n g  t y p e  phones f o r  temporary connec t ion  t o  t e l e p h o n e  l i n e s  i n  t h e  
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immediate v i c i n i t y  of EM n o i s e  measurement a r e a s .  Radio u n i t s  i n  t h e  
27 mHz o r  416 mHz bands a r e  p r e f e r r e d  on t h e  s u r f a c e .  Cabl ing on t h e  
o r d e r  of 1000 f e e t  may b e  r e q u i r e d  t o  run from t h e  s u r f a c e  te lephone  l i n e  
t e rmina t i on  t o  a l o c a l  h igh  s p o t  t o  p rov ide  adequate  r a d i o  coverage on 
t h e  s u r f a c e .  The v o i c e  s i g n a l s  s e n t  over  t h i s  communications l i n k  should 
b e  t r a n s l a t e d  t o  a c a r r i e r  frequency t h a t  t h e  phone l i n e  w i l l  pass  wi thout  
i n t e r f e r i n g  w i t h  normal ba se  band vo i ce  mine communications. 
NBS/ITS reques ted  t h e  use  of equipment now h e l d  by t h e  Bureau of Mines 
t o  h e l p  conduct t h e  n o i s e  measurement exper iments .  This  equipment con- 
sists of t h e  Motorola 416 mHz w a l k i e - t a l k i e  r a d i o  sets. Howard Parkinson 
agreed t o  p rov ide  t h i s  equipment t o  NBS/ITS i n  t i m e  f o r  t h e  Linco ln  mine 
tests . 
Long Term S t a t i s t i c s  of Noise Within Mines -
NBS commented t h a t  they  expec t  t o  p rog re s s  through a l e a r n i n g  curve a s  
t h e  exper iments  proceed i n  terms of t h e i r  judgment of record ing  t i m e s  
r equ i r ed  a t  s p e c i f i c  l o c a t i o n s  and equipment i n  t h e  mine. They expec t  
t o  sample t h e  n o i s e  from d i f f e r e n t  equipment under va r ious  load  condi- 
t i o n s ,  and t o  sample s e p a r a t e  u n i t s  of each equipment type .  Howard 
Parkinson no ted  t h a t  15 minutes r e p r e s e n t s  a t y p i c a l  cycle-time of t h e  
equipment, and t h a t  lunch b reaks  and s h i f t  changes a l s o  r e p r e s e n t  t i m e s  
of major changes i n  mine a c t i v i t y  t o  b e  examined. It was a l s o  decided 
t h a t  l e a v i n g  t h e  n o i s e  equipment i n  a mine f o r  a cont inuous 24 hour  moni- 
t o r i n g  pe r iod ,  t o  ensure  t h a t  no th ing  important  noise-wise was missed,  
was n e i t h e r  d e s i r a b l e  no r  necessary .  
Conducted Noise Measurements 
A cons ide rab l e  d i s cus s ion  of conducted n o i s e  and i t s  measurement took 
p l a c e  w i th  mention of t h e  work of WW ( S i e r r a  RF vo l tme te r )  and Lee 
Engineer ing (GR Microvol te r )  i n  c o a l  mines a s  p o s s i b l e  gu ides .  It was 
decided t h a t  f o r  t h e  phone l i n e s ,  a p p r o p r i a t e  measurements would r e s u l t  
i f  l i n e  # 1  t o  ground, l i n e  62 t o  ground, and l i n e  I1 t o  l i n e  12 conducted 
n o i s e  v o l t a g e  measurements a r e  made. Concerning t r o l l e y  l i n e s ,  i t  was 
agreed t h a t  t h e  t r o l l e y  l i n e  t o  ground n o i s e  v o l t a g e  is  t o  be  used. It 
was a l s o  agreed t h a t  some n o i s e  measurements be made on roof  b o l t s ,  i n  
p a r t i c u l a r  t h e s e  w i l l  b e  v o l t a g e  measurements roof b o l t  t o  roof  b o l t  a s  
a f unc t i on  of roof b o l t  s e p a r a t i o n .  The need f o r  measurement of n o i s e  
c u r r e n t  remained unresolved.  NBS agreed t o  develop a p l a n  f o r  ob t a in ing  
conducted n o i s e  measurements. This  p l an  w i l l  i n c lude  t r ea tmen t  of pro- 
blems of c a l i b r a t i o n ,  methods of loca t io r l  of a t t achments ,  problems a s soc i -  
a t e d  w i th  impedances of t h e  s o u r c e s ,  and t h e  u t i l i t y  of c u r r e n t  probe o r  
nearby magnetic f i e l d  measurements. 
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Impedance Measurements 
A f t e r  cons ide rab l e  d i s c u s s i o n ,  i t  was agreed t h a t  t h e  n o i s e  measurement 
program of NBS/ITS w i l l  n o t  b e  r equ i r ed  a t  t h i s  t i m e  t o  make te lephone  
o r  t r o l l e y  l i n e  impedance measurements. ADL was asked t o  dev i se  p r a c t i -  
c a l  means f o r  t ak ing  t r o l l e y  l i n e  impedance measurements f o r  s e p a r a t e  
tests t o  b e  performed a t  a l a t e r  d a t e .  
Transmission Measurements 
A cons ide rab l e  d i s cus s ion  ensued concerning t ransmiss ion  measurements. 
It was f i r s t  agreed t h a t  NBS/ITS would des ign  and conduct t h e  s p e c i f i c  
measurements, and welcome any and a l l  sugges t i ons .  It was agreed t h a t  
one s u r f a c e  loop would b e  used t o  t r ansmi t  t o  t h e  r ece iv ing  equipment i n  
t h e  mine, and t h a t  t h i s  would b e  a t  an  audio frequency. It i s  p o s s i b l e  
t h a t  t h i s  s u r f a c e  loop could f i r s t  be  used t o  p rov ide  a s i n g l e  sweep of 
frequency over  a wide ope ra t i ng  range,  and then  l e f t  t o  t r ansmi t  a t  a 
s i n g l e  low frequency n e a r  450 Hz f o r  t h e  remainder of t h e  measurements. 
It was agreed t h a t  i f  an in-mine t r a n s m i t t e r  i s  used, i t  w i l l  be  opera ted  
a t  a s i n g l e  h igh  frequency,  and used only f o r  in-mine face-area l a t e r a l  
t r ansmis s ion  measurements, i n  o rde r  t o  keep t h e  measurement program w i t h i n  
bo th  manageable and s a f e  l i m i t s .  The in-mine frequency should b e  e i t h e r  
j u s t  above o r  below t h e  t r o l l e y  phone f requenc ies  of 88 and 100 kHz found 
i n  mines. Howard Parkinson sugges ted  t h a t  116 kHz might b e  most s u i t a b l e ,  
w i th  an  a l t e r n a t i v e  be ing  between 92 - 95 kHz. A s t a b l e  t r a n s m i t t e r  of 
20 w a t t  c apac i t y  should  b e  used f o r  t h e s e  t e s t s  s i n c e  i t  approximates t h a t  
of p r e s e n t  t r o l l e y  phone equipment. 
The main o b j e c t i v e  of t h e s e  in-mine experiments i s  t o  p rov ide  f i r m  s i g n a l  
s t r e n g t h  exper imenta l  d a t a  i n  t hose  s e c t i o n  a r e a s  where n o i s e  measurements 
a r e  be ing  taken ,  i n  o rde r  t o  h e l p  e s t a b l i s h  t r a n s m i t t e r  power requirements  
f o r  w i r e l e s s  communications i n  t h e  f a c e  a r e a  a t  t r o l l e y  phone f r equenc i e s .  
Howard Parkinson sugges ted  t h a t  NBS/ITS examine t h e  mine t r ansmis s ion  d a t a  
of Dayne Aldr idge of WVU t aken  i n  s i x  mines and r epo r t ed  i n  t h e  WVU 2nd 
annual  r e p o r t  t o  PMSRC, s i n c e  they may be  a b l e  t o  p r o f i t  from WVU's  exper i -  
ence.  
Manning: 
NBS/ITS confirmed t h a t  no manning problems a r e  a n t i c i p a t e d ,  and t h a t  t h r e e  
f u l l  t i m e  t e chn i c i ans  w i l l  b e  used i n  t h e  manning of t h i s  measurement pro- 
gram i n  a d d i t i o n  t o  t h e  r equ i r ed  engineer ing  s t a f f .  
" .*. 
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Discuss ion  of C o l l i n s  Memorandum of 15 Aunust 1972 
The comments and recommendations o f f e r e d  by C o l l i n s  Radio were d i s cus sed  a t  
l eng th  and t h e  fo l lowing  agreements were reached on each t o p i c .  
1 )  "Power-Down Measurements" - It was agreed t h a t  mine power-down 
measurements a r e  n o t  e s s e n t i a l  t o  t h e  n o i s e  measurement program. I n  addi- 
t i o n ,  power shutdowns c r e a t e  a  major inconvenience t o  mine o p e r a t o r s ,  which 
t h e  Bureau does n o t  want t o  impose. Therefore ,  t h e  sampling of "qu ie t"  EM 
n o i s e  cond i t i ons  w i l l  b e  r e s t r i c t e d  t o  f i n d i n g  r e l a t i v e l y  "qu ie t"  s p o t s ,  
EM-wise,  i n  out-of-the-way p l a c e s  i n  t h e  mine o r  measuring dur ing  between- 
s h i f t  p e r i o d s ,  maintenance s h i f t s ,  o r  ot:her o p e r a t i o n a l l y  "qu ie t"  t imes .  
2) "Concurrent S i g n a l  A t t enua t i on  Measurements" - It was agreed 
t h a t  t h e r e  i s  no need of performing ex t ens ive  surface-to-mine a t t e n u a t i o n  
measurements a t  p r e sen t :  i n  view of t h e  acceptance of conduc t iv i t y  
va lues  ob ta ined  f o r  gene ra l i z ed  mining a r e a s  from s i m i l a r  measurements 
by o t h e r  Bureau c o n t r a c t o r s ,  and t h e  acceptance a s  adequate ,  t h e  theory  
developed s o  f a r  by Wait f o r  v e r t i c a l ,  c o a x i a l  loop-to-loop coupl ing.  
Only some l i m i t e d  loop-to-loop measurements from surface-to--mine, and 
l a t e r a l l y  from f a c e  a r e a s  t o  s e c t i o n  load ing  p o i n t s  a r e  viewed a s  d e s i r -  
a b l e  and a p p r o p r i a t e  t o  t h e  p r e s e n t  NBS/ITS e f f o r t ,  a s  descr ibed  above 
under Transmission Measurements. 
3) "Noise Pick-up from Ear th  Probes" - It was agreed t h a t  n o i s e  pick- 
up from roof b o l t  e a r t h  probes  w i t h i n  mines a s  a  f u n c t i o n  of roof b o l t  
s e p a r a t i o n  is  worth measuring by t h e  NBS/ITS team, a s  d i s cus sed  above 
under Conducted Noise Measurements. Sur face  probe n o i s e  measurements a r e  
n o t  necessary .  
4) "Earth-Probe S i g n a l  A t t enua t i on  and Rela ted  Measurements" - It was 
agreed t h a t  t h e s e  probe measurements would n o t  be  undertaken by t h e  NBS/ITS 
team on t h i s  p r e s e n t  n o i s e  measurement e f f o r t .  Much of t h i s  d a t a  h a s  a l -  
ready been genera ted  by t h e  Bureau and i t s  c o n t r a c t o r s  (PMSRC, CSM, WGL), 
and such wel l -exper ienced teams w i l l  b e  e n l i s t e d  t o  acqu i r e  a d d i t i o n a l  
d a t a  t h a t  may b e  r equ i r ed  i n  t h e  f u t u r e .  Howard Parkinson a l s o  s t a t e d  t h a t  
Bureau exper ience  t o  d a t e  had shown s u r f a c e  probe t r a n s m i t t e r s  used w i t h  
in-mine loop r e c e i v e r s  t o  b e  e a s i e r  and .more p r a c t i c a l  t han  s u r f a c e  probe 
t r a n s m i t t e r s  used w i th  in-mine probe recleivers . 
5)  "Theo re t i c a l  I n v e s t i g a t i o n s "  - It was agreed t h a t  Wait ' s  p r e s e n t  
work assignment f o r  t h e  Bureau on f i n i t e  l eng th  e a r t h  probe t r a n s m i t t e r s  
should  prov ide  adequate  coverage of t h i s  t o p i c .  
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B .  EQUIPMENT 
T a ~ e  Recorders 
NBS r epo r t ed  t h a t  eve ry th ing  i s  p r e s e n t l y  under c o n t r o l  w i t h  t h e  t a p e  re-  
co rde r s .  The de lay  i n  d e l i v e r y  of t h e  Lockheed r e c o r d e r s ,  no t  r ece ived  a s  
of t h e  meet ing,  was n o t  viewed a s  s e r i o u s .  F i l t e r s  have been bought t o  
cure  any r eco rde r - a l i a s ing  problems caused by poor out-of-band response 
above t h e  d e s i r e d  r eco rd ing  band. A bandwidth compression c a p a b i l i t y  of 
128 t o  1 i s  a v a i l a b l e  from t h e  Honeywell-Lockheed t a p e  r eco rde r  s e t .  This  
w i l l  be  adequate  t o  cover a l l  of t h e  n o i s e  record ing  manipulat ions  envis ion-  
ed .  NBS a l s o  no ted  t h a t  i n  terms of record ing  t ime ,  t h e  equipment t o  b e  
taken i n t o  t h e  mines i s  capable  of record ing  14 minutes a t  t h e  h i g h e s t  t ape  
speed and 56 minutes a t  t h e  lowest  t ape  speed,  pe r  r e e l  of t a p e .  
It i s  t h e  hope of t h e  NBS/ITS team t o  be  a b l e  t o  record  t h e  f u l l  frequency 
band (300 Hz t o  375 kHz D i r e c t ,  300 Hz t o  100 kHz F'M) on a s i n g l e  t r a c k  of 
t h e  t ape  r e c o r d e r ,  f o r  each s e n s o r .  However, i f  i t  i s  found t h a t  t h i s  i s  
no t  p o s s i b l e ,  two channels  p e r  s enso r  w i l l  b e  used t o  cover t h e  frequency 
range.  The c a p a b i l i t y  of ach iev ing  s i n g l e  t r a c k  o.;,eration w i l l  b e  de t e r -  
mined by experiments  i n  t h e  Linco ln  mine. Recordings of t h e  n o i s e  w i l l  
b e  made s imul taneous ly  wideband (up t o  300 kHz) and narrowband ( i n  3 kHz 
s l i c e s ) .  The ou tpu t  n o i s e  d i s t r i b u t i o n s  of each w i l l  b e  compared t o  ob- 
t a i n  a measure of t h e  impuls iveness  of t h e  n o i s e ,  and t h e r e f o r e ,  t h e  dy- 
namic range requi rements .  The narrowband 3 kHz spectrum s l i c e s  w i l l  b e  
produced by pas s ing  t h e  n o i s e ,  p icked up by loop s e n s o r s ,  through a modi- 
f i e d  S todda r t  r e c e i v e r  b e f o r e  record ing .  
It was agreed t h a t  t h e  n o i s e  measurements need n o t  b e  made t o  f requenc ies  
below 300 Hz. NBS would s t i l l  l i k e  t o  r e s e r v e  t h e  op t i on  t o  go below 300 Hz, 
i f  i t  can b e  done wi thout  i n t roduc ing  system complexity o r  d e t e r i o r a t i o n  of 
t h e  n o i s e  record ings  i n  t h e  r equ i r ed  frequency bands (300 Hz t o  375 kHz 
D i r e c t ,  300 Hz t o  100 kHz F'M). 
S todda r t  Receivers  
A f t e r  cons ide rab l e  d i s c u s s i o n ,  i t  was agreed ,  pending a p o s s i b l e  change of 
h e a r t  by B i l l  Bensema of NBS, t h a t  50 kHz i s  an accep t ab l e  c e n t e r  frequency 
t o  heterodyne t h e  S toddar t  r e c e i v e r  IF  ou tpu t  down t o ,  p r i o r  t o  record ing  t h e  
narrowband ( 3  kHz) s l i c e s  of h igh  frequency n o i s e  t o  b e  ob ta ined  from t h e  
modified S todda r t  r e c e i v e r s .  Noise recorded i n  t h i s  manner w i l l  b e  u t i l i z -  
ed  t o  gene ra t e  APD's us ing  equipment now a v a i l a b l e  a t  ITS, and t o  gene ra t e  
some s p o t  s p e c t r a ,  approximately 3 kHz wide and cen t e r ed  a t  f r equenc i e s  of 
i n t e r e s t ,  us ing  t h e  NBS playback and process ing  equipment. ITS no ted  t h a t  
t h e  modi f ica t ions  t o  t h e  S todda r t  r e c e i v e r s  were underway,and expected t h a t  
a l l  t h e  r equ i r ed  modi f ica t ions  w i l l  b e  completed and ins t ruments  checked 
o u t  w i t h i n  f i v e  weeks. 
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F i e l d  Components and Sensors 
It was agreed t h a t  NBS would probably need t o  measure a t  most, two magnetic 
components s imul taneous ly ,  t h e  v e r t i c a l  component and t h e  h o r i z o n t a l  com- 
ponent perpendicu la r  t o  t he  e n t r y  d i r e c t i o n .  I n  some cases  i t  may be adequ- 
a t e  t o  o r i e n t  t h e  loop f o r  maximum output  and j u s t  measure t h a t  f i e l d  s t r e n g t h .  
The Lincoln mine t e s t s  wi th  t h r e e  loops a r e  expected t o  s e t t l e  t h i s  ques t i on .  
ADL recommended t h a t  t he  loops n o t  be  l a i d  on t h e  f l o o r ,  b u t  cen te red  about 
half-way between f l o o r  and roof a s  a r e a l i s t i c  s t anda rd  p o s i t i o n  f o r  t h e  
measurements, i f  pos s ib l e .  
It was agreed t h a t  e l e c t r i c  f i e l d  measurements, i f  made, w i l l  b e  a t  frequenc- 
i e s  above the  baseband response of t h e  record ing  system, namely above 375 kHz. 
Loops w i l l  be  used f o r  t h e  t ape  recorded n o i s e  measurements below 375 kHz. 
NBS noted  t h a t  some manually recorded E--f ie ld  measurements could b e  made, 
a t  l e a s t  i n  t he  e a r l y  t r i p s  i n t o  t h e  Lincoln mine, t o  h e l p  determine per- 
formance of systems ope ra t i ng  a t  f requenc ies  beyond those  p r e s e n t l y  envi- 
s ioned  f o r  t h e  n o i s e  t a p e  record ings .  
NBS w i l l  u t i l i z e  t h e  modified NM-25T Stolddart r e c e i v e r s  t o  examine frequenc- 
i e s  up t o  32 mHz, and an a v a i l a b l e  b a t t e r y  powered EMC-25 f i e l d  s t r e n g t h  
meter t o  examine f requenc ies  up t o  1 gHz. I n t e r e s t  i n  t h i s  upper frequency 
range has  i nc reased  i n  view of  t h e  h igh ly  favorab le  t ransmiss ion  performance 
obta ined  by PMSRC wi th  416 rnHz walk ie  t a l k i e s  i n  coa l  mines. The EMC-25 
no i se  measurements a r e  n o t  in tended  t o  g ive  accu ra t e  n o i s e  measures,  because 
of  t he  i n s t rumen t ' s  design f o r  CW s i g n a l s ,  b u t  a r e  expected t o  g ive  a quick 
approximate p i c t u r e  of t h e  n o i s e  a c t i v i t y  a t  t he se  h ighe r  f r equenc i e s .  
P e r m i s s i b i l i t y  Considerat ions 
NBS/ITS has  decided t h a t  a l l  t h e  n o i s e  measuring equipment should b e  brought  
i n t o  t h e  f ace  a r e a ,  t hus  prec luding  t h e  use of pre-amps and senso r s  a t  t h e  
end of long cab les  s e p a r a t i n g  them from t h e  record ing  system. Therefore  a l l  
t he  equipment must b e  i n t e g r a t e d  i n  a pe rmis s ib l e  manner f o r  use i n  t h e  
f a c e  a r e a ,  and approved by Bob Wolfe i n  P i t t sbu rgh .  It was agreed t h a t  
Howard Parkinson would h e l p  NBS exped i t e  t h i s  p e r m i s s i b i l i t y  design and 
approval  p rocess .  
C .  ANALYSIS 
Noise Power S ~ e c t r a  
NBS repo r t ed  on the  r e s u l t s  of  i t s  experiment t o  determine t h e  e f f e c t s ,  on 
t h e  FFT genera ted  broadband n o i s e  s p e c t r a ,  of d i s ca rd ing  t h e  l e a s t  s i g n i f i -  
c an t  b i t s  i n  t he  A/D conversion t h a t  precedes t h e  n o i s e  spectrum computa- 
t i o n s .  The r e s u l t s  agree  w i th  t he  c l a s s i c a l  t heo ry ,  which p r e d i c t s  an 
i nc rease  i n  t h e  spectrum l e v e l  wi th  t h e  d e l e t i o n  of each b i t .  So i t  has  
been determined t h a t  a l l  12 b i t s  of t h e  p re sen t  A / D  conver te r  a r e  r equ i r ed  
t o  make adequate power spectrum computati-ons f o r  t h i s  program. 
Noise Pu l se  Durat ion D i s t r i b u t i o n s  and Cor re l a t i ons  
The methods have n o t  y e t  been def ined  f o r  ob t a in ing  these  two lowes t -p r io r i t y  
secondary items from t h e  planned n o i s e  record ings .  
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I V .  EM NOISE MEASUREMENT PROGRAM MEETINGS AT COLLINS RADIO, NBS, AND 
PMSRC 
Three  a d d i t i o n a l  mee t ings  were  h e l d  i n  1973,  d u r i n g  and a f t e r  t h e  p e r i o d  
i n  which t h e  NBS EM n o i s e  measurements were conducted,  t o  d i s c u s s  pre-  
l i m i n a r y  f i n d i n g s  and t h e  i m p l i c a t i o n s  of t h e s e  f i n d i n g s  on t h e  i n s t r u -  
men ta t ion  sys tem and f u t u r e  measurements. The major f i n d i n g s  and dec i -  
s i o n s  of t h e s e  m e e t i n g s ,  p r i m a r i l y  a s  t h e y  r e l a t e  t o  t h e  measurement 
i n s t r u m e n t a t i o n ,  a r e  b r i e f l y  summarized below. 
A. Meeting a t  C o l l i n s  Radio Co. , Cedar Rapids ,  Iowa on 21, 22 February  
1973 
T h i s  meet ing was h e l d  t o  d i s c u s s  t h e  r e s u l t s  of  t h e  NBS n o i s e  measure- 
ments i n  t h e  f i r s t  major  E a s t e r n  c o a l  mine (Robena No. 4 ) .  Representa-  
t i v e s  of NBS, PMSRC, C o l l i n s  Radio Co., S p e c t r a  A s s o c i a t e s ,  West V i r g i n i a  
U n i v e r s i t y ,  and ADL were p r e s e n t .  
The meet ing and subsequen t  t e l e p h o n e  c o n v e r s a t i o n s  l e d  t o  t h e  f o l l o w i n g  
p r i n c i p a l  f i n d i n g s  and d e c i s i o n s  r e g a r d i n g  t h e  i n s t r u m e n t a t i o n  and f u t u r e  
measurements.  
The underground wideband Lockheed FM r e c o r d i n g  sys tem 
became sys tem n o i s e  l i m i t e d  above about  1 0  kHz i n  t h e  
Robena mine a s  a  r e s u l t  of t h e  g a i n  s e t t i n g s  r e q u i r e d  
t o  p r e v e n t  t h e  unexpec ted ly  h i g h  l e v e l s  of harmonic-type 
n o i s e  below 1 0  kHz from s a t u r a t i n g  t h e  r e c o r d e r .  To 
overcome t h i s  p o t e n t i a l  problem a t  o t h e r  mines ,  i t  was 
dec ided  t o  h i g h  p a s s  f i l t e r  t h e  n o i s e  waveforms, p r i o r  
t o  r e c o r d i n g ,  f o r  two of t h e  t h r e e  FM c h a n n e l s ,  w h i l e  
r e t a i n i n g  t h e  f u l l  bandwidth a s  b e f o r e  on t h e  t h i r d  
channe l .  A f i l t e r  c u t  o f f  around 1 0  kHz was chosen.  
T h e r e f o r e ,  t h e  f o l l o w i n g  r e c o r d i n g s  would b e  made on 
t h e  t h r e e  FM channe l s  of t h e  Lockheed r e c o r d e r :  
F i e l d  Component Noise Bandwidth 
V e r t i c a l  100 Hz t o  100 kHz ( a s  b e f o r e )  
V e r t i c a l  10 kHz t o  100 kHz 
H o r i z o n t a l  (Max. ) 1 0  kHz t o  100 kHz 
i n s t e a d  - of t h e  o r i g i n a l l y  p lanned r e c o r d i n g s  below. 
V e r t i c a l  100 Hz t o  100 kHz 
H o r i z o n t a l  (x)  100 Hz t o  100 kHz 
H o r i z o n t a l  (y )  100 Hz t o  100 kHz 
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The 3  kHz t o  300 kHz wideband r e c o r d i n g  of t h e  v e r t i c a l  
component on t h e  d i r e c t  channe l  would a l s o  s t i l l  b e  made 
a s  o r i g i n a l l y  planned.  
e To o b t a i n  more n o i s e  d a t a  c l o s e  t o  t h e  working f a c e  a r e a  
of mine s e c t i o n s ,  i t  was decided. t o  make t h e  narrowband 
d i r e c t  r e c o r d i n g  system p e r m i s s i b l e ,  and t o  i n c r e a s e  t h e  
number of f r e q u e n c i e s  a t  which measurements would b e  
made w i t h  t h i s  sys tem which u t i l i z e d  t h e  NM-12 and NM-25 
r e c e i v e r s  and a  d i f f e r e n t  Lockheed r e c o r d e r .  The number 
of f r e q u e n c i e s  would be  i n c r e a s e d ,  w i t h o u t  i n c r e a s i n g  t h e  
t o t a l  measurement t i m e ,  by t a k i n g  r e a d i n g s  of two f i e l d  
components ( v e r t i c a l  and t h e  maximum h o r i z o n t a l )  a t  s i x  
p a i r s  of f r e q u e n c i e s ,  i n s t e a d  of t h r e e  o r t h o g o n a l  f i e l d  
components a t  f o u r  p a i r s  of f r e q u e n c i e s ;  
Namely 
10 kHz 500 kHz 
I n s t e a d  of 
1 0  kHz 500 kHz 
19 1 .15 MHz 30 2  MHz 
It was a l s o  dec ided  t h a t  a  20-minute d u r a t i o n  would b e  used 
f o r  each  of t h e s e  r e c o r d i n g s ,  u n l e s s  a  p a r t i c u l a r  mine 
s i t u a t i o n  o r  o p e r a t i n g  c o n d i t i o n  was c l e a r l y  more s u i t e d  
t o  a  s h o r t e r  d u r a t i o n .  The 20-minute d u r a t i o n  appeared 
t o  be t h e  most p r a c t i c a l  c h o i c e ,  a t  t h i s  p o i n t  i n  t h e  
program, f o r  g e n e r a t i n g  most of t h e  d e s i r e d  APD and r m s  
l e v e l  s t a t i s t i c s .  
The Robena r e s u l t s  i n d i c a t e d  t h a t  s imul taneous  s u r f a c e  
and underground measurements were n o t  a s  impor tan t  a s  
o b t a i n i n g  a d d i t i o n a l  underground n o i s e  d a t a  c o v e r i n g  
d i f f e r e n t  l o c a t i o n s  and o p e r a t i n g  c o n d i t i o n s .  There- 
f o r e ,  i t  was decided t h a t  t h e  s u r f a c e  wideband record-  
i n g  sys tem ( u s i n g  t h e  Honeywell r e c o r d e r )  would be 
modif ied t o  a l l o w  wideband r e c o r d i n g  from 1 0  kHz t o  
150 kHz on t h e  d i r e c t  channel  and 100 Hz t o  20 kHz on 
FM, a t  a  speed of 30 i p s ,  f o r  u s e  underground. S i n c e  
t h i s  sys tem would s t i l l  n o t  s a t i s f y  p e r m i s s i b i l i t y  
requ i rements ,  i t s  underground u s e  would have t o  be  
r e s t r i c t e d  t o  f r e s h - a i r  ways. 
D e t a i l e d  i n f o r m a t i o n  r e g a r d i n g  t h e  i n s t r u m e n t a t i o n  used 
a t  t h e  Robena mine and t h e  n o i s e  d a t a  o b t a i n e d  i s  a v a i l -  
a b l e  i n  an NBS r e p o r t  cover ing  t h e  Robena n o i s e  measurements. 
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B.  Meeting a t  NBS, Boulder ,  Colorado on 22 May 1973 
T h i s  meet ing was h e l d  t o  d i s c u s s  p r e l i m i n a r y  r e s u l t s  of t h e  a d d i t i o n a l  
n o i s e  measurements made i n  March and A p r i l  of 1973 a t  one Western mine 
(L inco ln )  and t h r e e  more E a s t e r n  mines ,  (McElroy, I tmann, and Grace) w i t h  
t h e  modi f i ed  i n s t r u m e n t a t i o n  sys tem p r e s c r i b e d  a s  a  r e s u l t  of  t h e  above 
meet ing a t  C o l l i n s  Radio. R e p r e s e n t a t i v e s  of NBS, ITS, C o l l i n s  Radio ,  
PMSRC, and ADL were p r e s e n t .  
D i s c u s s i o n s  covered some a d d i t i o n a l  reduced d a t a  from t h e  Robena mine,  
h o i s t  s h a f t  s i g n a l  and n o i s e  measurements made a t  t h e  Grace i r o n  mine, 
d e s c r i p t i o n s  of t h e  t y p e s  and l o c a t i o n s  of measurements made a t  each  of  
t h e  t h r e e  a d d i t i o n a l  E a s t e r n  mines ,  g e n e r a l  o b s e r v a t i o n s  r e g a r d i n g  t h e  
EM n o i s e  environments  a t  t h e s e  mines ,  and p l a n s  f o r  measurements a t  t h e  
Lucky F r i d a y  h a r d r o c k  mine i n  Idaho.  Reduced d a t a  such  a s  wideband 
s p e c t r a  were  n o t  y e t  a v a i l a b l e  f o r  examinat ion f o r  t h e  l a t e s t  mines 
v i s i t e d  because  of u n a n t i c i p a t e d  d e l a y s  caused by problems w i t h  t h e  d a t a  
p r o c e s s i n g  equipment.  The Grace mine h o i s t  s h a f t  d a t a  had been manually 
reduced ,  s o  i t  w a s  a v a i l a b l e  f o r  u s e  by C o l l i n s  Radio on i t s  h o i s t  s h a f t  
communication sys tem p r o j e c t .  No problems w i t h ,  o r  a d d i t i o n a l  changes 
t o ,  t h e  i n s t r u m e n t a t i o n  were r e p o r t e d  o r  recommended a t  t h i s  t i m e .  
The f o l l o w i n g  p r i o r i t i e s  were set f o r  r educ ing  t h e  remain ing  d a t a ;  1 )  
Robena, 2 )  McElroy, 3)  Itmann, and 4 )  Grace. I n  a d d i t i o n ,  t h e  f o l l o w i n g  
c h a r t  was drawn up t o  i n d i c a t e  t h e  k ind  of p r o c e s s e d  n o i s e  d a t a  expec ted  




Power Corre- O.l%,RMS,Ave., 
S p e c t r a  l a t i o n  APD's and 99% L e v e l s  
In-Mine (Hi-Freq. ) Yes 4 Yes Yes 
) Yes 
Surf  a c e  (Lo-Freq. ) Yes Yes Yes 
Roof B o l t s  Yes NA No No 
Telephone L ines  
V o l t a g e  
C u r r e n t  
T r o l l e v  L ines  
- - -  
Vol tage  
C u r r e n t  




Y e s  No No 
No 
NA No No 
NA-Not A p p l i c a b l e  
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McElroy, I tman,  and Grace Mines 
Loops 
Power Corre- 
S p e c t r a  l a t i o n  -- 
In-Mine (Hi-Freq.) 
S u r f a c e  (Lo & Hi-Freq.) 
Roof B o l t s  
Only 
Yes N A 
Telephone L i n e s  No NA 
T r o l l e v  L ines  
Narrowband 
% RMS Ave. 
APD's 99% Leve l s  
Yes Yes 
Yes (Itmann Yes 
Only) 
No No 
Yes ( I tmann NA No No 
Only 
NA-Not A p p l i c a b l e  
C .  Meeting a t  PMSRC, Bruce ton ,  P a . ,  on 1 0  October  1973 
T h i s  meet ing was h e l d  a f t e r  n o i s e  measur:ements were made l a t e  i n  t h e  summer 
of 1973 a t  t h e l a s t  two schedu led  mines (Lucky F r i d a y  and Geneva) t o  examine 
and d i s s e m i n a t e  a d d i t i o n a l  reduced n o i s e  d a t a ,  review and summarize t h e  
o v e r a l l  n o i s e  measurement program t o  d a t e ,  and d e f i n e  what y e t  needs  t o  
b e  done. R e p r e s e n t a t i v e s  of NBS, C o l l i n s  Radio ,  Westinghouse Georesearch 
Labora to ry  (WGL) , PMSRC, and ADL were  p r e s e n t .  
C o n s i d e r a b l e  amounts of reduced d a t a  i n  t h e  form of n o i s e  s p e c t r a ,  APD's 
and o t h e r  p l o t s  f o r  t h e  Robena, McElroy, I tmann ,and  Grace miners  were 
p r e s e n t e d  by NBS and d i s c u s s e d  by t h e  a t t e n d e e s .  A l l  of t h i s  d a t a  i s  o r  
soon w i l l  b e  documented i n  NBS r e p o r t s .  A l a r g e  c h a r t  was drawn up t o  
summarize t h e  EX n o i s e  measurements wade i n  mines t o  d a t e  -- a s  an a i d  t o  
p o t e n t i a l  u s e r s  i n  i d e n t i f y i n g  d a t a  of i n t e r e s t  t o  them, and a s  an a i d  
t o  t h e  p r o c e s s  of a s s i m i l a t i n g  and c o r r e l a t i n g  t h i s  d a t a  f o r  c h a r a c t e r i z -  
i n g  r e p r e s e n t a t i v e  n o i s e  env i r ionments .  T h i s  c h a r t  i s  i n c l u d e d  a s  T a b l e  Al .  
S e v e r a l  c o n c l u s i o n s  were a l s o  reached r e g a r d i n g  what needs  t o  b e  done. 
Namely: 
e A d d i t i o n a l  EM n o i s e  measurements i n  mines a r e  n o t  
r e q u i r e d  a t  t h i s  t i m e .  One p o s s i b l e  e x c e p t i o n  t o  
t h i s  might b e  an AC-type c o a l  mine,  b u t  even t h i s  
i s  n o t  c e r t a i n .  



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Highes t  p r i o r i t y  h a s  been a s s i g n e d  t o  complet ing t h e  
p r o c e s s i n g  of t h e  p r e s e n t  n o i s e  d a t a ,  w r i t i n g  r e p o r t s  
a s s o c i a t e d  w i t h  t h e s e  d a t a ,  and d i s s e m i n a t i n g  t h e s e  
r e p o r t s  and d a t a  t o  sys tem d e s i g n e r s .  
System d e s i g n e r s  and o t h e r  u s e r s  who need a c c e s s  t o  
o r  i n t e r p r e t a t i o n  of  t h e s e  d a t a ,  p a r t i c u l a r l y  b e f o r e  
they  have  been p u b l i s h e d ,  shoul-d c o n t a c t  NBS d i r e c t l y .  
I n  t h i s  m a t t e r ,  dubs of s e l e c t  NBS n o i s e  r e c o r d i n g s  
may a l s o  b e  o b t a i n a b l e  f o r  t e s t l ing  b readboards ,  pro- 
t o t y p e s ,  e t c .  However, s p e c i a l  ar rangements  w i l l  
p robab ly  have t o  be  made w i t h  NBS t o  g e n e r a t e  t h e s e  
t a p e  dubs. 
F i n a l l y ,  t h e  d a t a  must now b e  assembled,  a n a l y z e d ,  
i n t e r p r e t e d ,  and c o r r e l a t e d  i n  a comprehensive manner 
t o  de te rmine  and unders tand  t h e  i m p o r t a n t  r e l a t i o n -  
s h i p s ,  p a r a m e t e r s ,  s o u r c e s ,  e t c . ,  t h a t  b e s t  c h a r a c t e r -  
i z e  mine EM n o i s e  environments  under  d i f f e r e n t  opera t -  
i n g  c o n d i t i o n s .  T h i s  can ,  and s h o u l d ,  a l s o  b e  done 
on a  somewhat l e s s -comple te  and piece-meal b a s i s  t o  
s o l v e  c e r t a i n  s p e c i f i c ,  l o c a l i z e d  problems,  o r  ones  
t h a t  canno t  w a i t  f o r  t h e  more comprehensive approach.  
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5-5 Correction t o  A 1  
The ordina te  shows a co r rec t ion  t o  be 
applied t o  t h e  a r t i c u l a t i o n  index computed on 
t h e  assumption t h a t  a  missking noise  i s  steady- 
s t a t e  f o r  var ious  noises-time f r a c t i o n s .  The 
corrected A 1  cannot exceed 1.0 
Ef fec t ive  A1 
Showing t h e  e f f e c t i v e  A:I a s  a  funct ion of t h e  
frequency with which a ~uasking noise  i s  i n t e r -  
rupted. A parameter of t h e  curves i s  t h e  
corrected A 1  ca lcu la t ed  on t h e  assumption t h a t  
the  masking no i se  i s  s teady-s ta te  and then 
adjusted according t o  Fig .  5-5 f o r  t h e  f r a c t i o n  
of t h e  time the  no i se  i s  on. 
Allen Mine, Underground, 3000 Hz BW, 01-14 
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Signal  Waveform and Stored Samples 
Forty Sect ion Hybrid F i l t e r  
Block Diagram of Test  Configuration 
Harmonic Reject ion 40 Segment Hybrid F i l t e r  
Reject ion of Fourth Harmonic 
100 Segment D i g i t a l  Harmonic F i l t e r  
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PART TWO 
ELECTROMAGNETIC THROUGH-THE-E:ARTH MINE COMMUNICATIONS 
INTRODUCT I O N  
Pa r t  Two of t h i s  r epor t  i s  based upon s i x  working memoranda prepared 
during t h e  f i r s t  ha l f  of 1972 a t  an e a r l y  s t age  i n  our work f o r  t h e  
Bureau of Mines. This work presents  preliminary performance es t imates  
of baseband voice and narrowband through-the-earth electromagnetic  com- 
munications systems of p r i n c i p a l  i n t e r e s t  t o  the  Bureau f o r  opera t ional /  
emergency mine communications appl ica t ions .  The ca lcu la t ions  were pre- 
pared t o  obta in  e a r l y  ind ica t ions  of :he f e a s i b i l i t y  and governing par- 
ameters of such communications systems. They a r e  based on l imi ted ,  but  
p e r t i n e n t ,  coal  mine electromagnetic noise  da ta  acquired to-date by 
Bureau of Mines cont rac tors ;  on t h e o r e t i c a l  s ignal -a t tenuat ion  character-  
i s t i c s  f o r  two t r ansmi t t e r  antenna typ~es of present  i n t e r e s t  t o  t h e  
Bureau and on semi-empirical models vhich describe the  i n t e l l i g i b i l i t y  
of voice communications a s  a  function (of t h e  frequency v a r i a t i o n s  of the  
signal-to-noise r a t i o  across t h e  voiceband. 
This work examines t h e  cases of baseband voice and narrowband com- 
munications f o r  uplink and downlink trisnsmissions, f o r  frequencies up t o  
3kHz. Downlink transmissions a r e  v i a  a  hor i zon ta l  wire antenna, and 
uplink transmissions v i a  a  ve r t i ca l -ax l s  loop antenna, f o r  t y p i c a l  mine 
depths of 300, 600, and 1000 f e e t .  Representative coal-mine overburden 
conduct iv i t ies  of mhos /meter (moderate and common) and 10-I mhos / 
meter (high) were used; the  former f igure  f o r  both voice and narrowband 
ca lcu la t ions  and the  l a t t e r  f o r  narrowband ca lcu la t ions  only. Examples 
of h igh,  moderate, and low, surface  and subsurface,  harmonic and broad- 
band-impulsive no i se  condit ions were taken from NBS and Westinghouse 
(WGL) mine noise  da ta ,  together  with examples of high- and low-levels of 
ELF atmospheric noise  taken from M.I .T , ,  Lincoln Laboratory da ta .  The 
e f f e c t s  of simple voice spectrum shaping techniques on the  i n t e l l i g i b i l i t y  
of through-the-earth voice communications a r e  examined, and indexes of 
i n t e l l i g i b i l i t y  more broadly based than signal-to-noise r a t i o  a r e  d is -  
cussed. F ina l ly ,  a  means of overcoming the  a f f e c t s  of 60 Hz noise  and 
i ts  harmonics which a r e  the  l a r g e s t  cont r ibutors  t o  t y p i c a l  audio frequency 
in-mine no i se ,  i s  suggested. . - 
These f e a s i b i l i t y  ca lcu la t ions  a r e  no t  intended t o  serve  as  de f in i -  
t i v e  and complete t rea tments ,  but a s  a  s t a r t i n g  point :  t o  e s t a b l i s h  
f i r s t - o r d e r  es t imates  of the  magnitude and v a r i a b i l i t y  of t r ansmi t t e r  
power requirements under d i f f e r e n t  no i se ,  overburden conductivi ty,  and 
mine depth condi t ions ;  t o  i d e n t i f y  r e l a t ionsh ips ,  condit ions,  o r  frequen- 
c i e s  t h a t  a r e  l i k e l y  t o  l i m i t  o r  enhance system performance; t o  r evea l  
items requi r ing  f u r t h e r  inves t iga t ion  and data  s t i l l  required;  and t o  
suggest p r a c t i c a l  methods f o r  optimizin,g system performance. These 
ob jec t ives  were met by t h e  ca lcu la t ions .  Simple experiments t o  support 
these  ca lcu la t ions  can and should be ca r r i ed  ou t ;  together  with more 
d e t a i l e d  inves t iga t ions  of s p e c i f i c  modulation, coding, noise-suppression, 
voice-compression and signal-condit ioning techniques,  aimed a t  producing 
through-the-earth operational/emergency mine-communication systems t h a t  
a r e  not only e f f e c t i v e ,  but  p r a c t i c a l  and economically sound. 
Arthur D Little, Inc. 
I. SIGNAL POWER ESTIMATES FOR DOWNLINK THROUGH-THE-EARTH 
BASEBAND VOICE COMMUNICATIONS 
P r e l i m i n a r y  c a l c u l a t i o n s  were performed t o  de te rmine  t h e  f e a s i b i l i t y  
of communications sys tems u s i n g  baseband v o i c e  s i g n a l s  t r a n s m i t t e d  
through t h e  e a r t h  and r e c e i v e d  i n  t h e  p resence  of v a r i o u s  t y p e s  and l e v e l s  
of e l e c t r o m a g n e t i c  n o i s e  i n  mines. Even wi thou t  a t t e m p t s  t o  remove t h e  
major l i n e  components of t h e  n o i s e  upon r e c e p t i o n ,  o r  t o  g i v e  t h e  optimum 
pre-emphasis and peak c l i p p i n g  t o  t h e  i n i t i a l  t r a n s m i t t e d  v o i c e  spectrum, 
i t  appears  t h a t  i n t e l l i g i b l e  v o i c e  s i g n a l s  may he r e c e i v e d  f o r  an appre-  
c i a b l e  f r a c t i o n  of t h e  t ime i n  mines ,  u s i n g  a  h o r i z o n t a l  wi re  an tenna  f o r  
t h e  downlink,  Of c o u r s e ,  t o  d e s i g n  an e f f e c t i v e  o p e r a t i o n a l  communica- 
t i o n s  sys tem,  t e c h n i q u e s  such as t h o s e  j u s t  mentioned would have t o  be 
used,  t o  improve s i g n a l - t o - n o i s e  r a t j o s  by perhaps  12-20db, The imple- 
menta t ion  of t h e s e  t e c h n i q u e s  poses  no fundamental  problems of g r e a t  
d i f f i c u l t y ,  
A. METHOD OF CALCULATION - DOWNLINK. HORIZONTAL WIRE ANTENNA 
We have cons idered  a  s i t u a t i o n  i n  wllich v o i c e  i s  baseband t r a n s -  
m i t t e d  (500Hz t o  3kHz) through t h e  e a r t h  by a h o r i z o n t a l  w i r e  an tenna ,  
t e r m i n a t e d  i n  a  grounded e l e c t r o d e  at  each end. 
The v o i c e  spectrum o v e r  t h i s  bandwidth may be c r u d e l y  r e p r e s e n t e d  
by So/£ as shown i n  F igure  1-1: where f  i s  f requency  i n  H e r t z  and So i s  
an ampl i tude  g a i n  f a c t o r  w i t h  a v a l u e  t h a t  depends on t h e  s i g n a l - t o - n o i s e  




I f  t h e  s e r i e s  r e s i s t a n c e  of t h e  an tenna  e l e c t r o d e / e a r t h  c o n t a c t  i s  
assumed e q u a l  t o  50 ohms ( v a l u e s  between 5 0 n  and 200 n a r e  t y p i c a l ) ,  
t h e  t r a n s m i t t e r  power r e q u i r e d  may he e s t i m a t e d  a s  
P = R I  
2 
~ 5 0 1 ~  = S o / 1 2 w a t t s  
rms r m s  
A h o r i z o n t a l  w i r e  an tenna  produces  a  magnet ic  f i e l d  
* References  t o  F i g u r e s ,  Tab les  and Equat ions  app ly  t o  t h o s e  i n  t h i s  
Chapter  u n l e s s  o t h e r w i s e  n o t e d .  
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Source: Handbook of Experimental Psychology, S.S. Stevens (ed.), 
Wiley, Chapter 26, Licklider, J.C.R. and Miller, G.A., Figure 2, pg. 1042 
where D is the depth of the mine, and I AI  is a dimensionless quantity. 
In Figure 1-2 plats are showil of the shape of the attenuation ns a 
function of frequency ( I  A1 2 I n D )  for the three depths D = 300, 600, 1000 
feet, using values for overburden conductivity of 0 = lom2 and 10" 
mhoslmeter. These plots were derived using the Westinghouse I A  ( curve 
in Figure 1-3, 





where I A I  is a function of frequency. ( The following calculations were done 
-2 
only for the more favorable o = 10 mho/meter conductivity situation, commonly 
found over coal mines, ) 
At D = 300 feet,we approximate 
At D = 600 feet,we approximate 
At D = 1000 feet,we approximate 
In the latter two cases, where -k!- is of the form ole -.p f 27~D 
the received magnetic field is 
H 
rms 
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Penetration into Medium ( ~ 1 6 )  in Skin Depths 
Source: Westinghouse Georesearch Laboratory (WG L) 
FIGURE 1-3 HORIZONTAL WIRE ANTENNA, COUPLING RELATIONSHIP 
" t.. 
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B, NOISE IN MINES 
Two d i f f e r e n t  t y p e s  o f  n o i s e  s i t u a t i o n s  were cons idered :  
1 .  Noise P r i m a r i l y  Due t o  6OHz and 360Hz Harmonic Peaks 
The n o i s e  magnet ic  f i e l d  can be w r i t t e n  
rms , (9 )  
where h are t h e  n o i s e  peaks i n  AIM a t  a l l  60Hz and 360Hz harmonics l y i n g  
i 
between 500 and 3000Hz. While t h e r e  a r e  42 of t h e s e  i n  a l l ,  i n  p r a c t i c e  95% 
o r  more o f  t h e  n o i s e  power is o f t e n  c o n t r i b u t e d  by o n l y  2 o r  3 harmonics .  
Three  c a s e s  were c a l c u l a t e d :  
Gunn Quealy Mine, Rock S p r i n g s ,  Wyoming - Figure  1-4 measure- 
men t s r i t h  mine s h u t  down, h o r i z o n t  a 1  component (Westinghouse d a t a )  
N = 2.96 x AIM (low n o i s e )  
rms 
Al len  Mine, Colorado - W. D. ~ensema("  (NBS) measurements 
( F i g u r e  1-5, Rensema NBS r e p o r t )  power l i n e  6OHz and 360Hz 
harmonics p r i m a r i l y ,  v e r t i c a l  component 
* r m s  = 7.7 x l o g 5  AIM (low harmonic n o i s e )  
( F i g u r e  1-6, Bensema NBS r e p o r t )  e l e c t r i c  locomotive  p u l l i n g  
o u t  - 60Hz and 360Hz harmonics p r i m a r i l y ,  v e r t i c a l  component 
N r m s  = 1.03 x 1 om3 A / M  ( h i g h  harmonic n o i s e )  
2 ,  Noise P r i m a r i . 1 ~  Broadband Impu1,sive 
The n o i s e  d e n s i t y  p l o t s  of NBS and WGL d a t a  can be  approximated,  
e i t h e r  over  t h e  whole bandwidth o r  i n d i v i d u a l l y  over  s e v e r a l  segments of 
i t ,  by r e l a t i o n s  of t h e  form 
( 1 ) W .  D. Bensema, Coal Mine ELF Elec t romagne t ic  Noise Measurements, NBS 
Report  10-739 (1972) - sponsored by U.S .  Bureau of Mines, Working Fund 
Agreement H0111019. 
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Voice Band Chosen + 
FIGURE 1-4 HORIZONTAL COMPONENT OF SUBSURFACE EM NOISE MAGNETIC FIELD, Hv 
GUNN QUEALY MINE, ROCK SPRINGS WYOMING (Westinghouse Data) 
-.* 
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Then t h e  n o i s e  magnetic f i e l d  can be w r i t t e n  
One example s t u d i e d  was s eve re  t r o l l e y  impuls ive  n o i s e ,  v e r t i c a l  
component i n  t h e  L inco ln  Mine i n  Colorado, a s  shown i n  F igure  1-7 
(Bensema NBS r e p o r t ) .  
A  c o r r e c t i o n  of -9dh was app l i ed  t:o h i s  d a t a  t o  t a k e  account  of t h e  
7.8Hz bandwidth he  used. 
N = 3.71 A/M (high impuls ive  no i s e )  
ms 
By way of comparison wi th  t h e  above no i s e  va lue s ,  i t  i s  worth n o t i n g  
t h a t  t h e  harmonic n o i s e  i n  t h e  same bandwidth on t h e  s u r f a c e  a t  t h e  Al len  
Mine shown i n  F igure  1-8 (Bensema NBS r e p o r t )  g i v e s  a v a l u e  of 
Nrrns = 5 x 10-4 A I M  (harmonic n o i s e  on t h e  s u r f a c e ) .  
3 ,  Signa l  Current  and Power Es t imates  - 
For i n t e l l i g i b l e  v o i c e  communications,a c r i t e r i o n  of a  s i g n a l - t o -  
n o i s e  r a t i o  e q u a l  t o  o r  g r e a t e r  t han  12db is  used. Computing t h i s  r a t i o  
f o r  t h e  s i g n a l - t o - n o i s e  f i e l d  q u a n t i t i e s ,  wi thou t  r ega rd  f o r  s p e c i f i c  
f i e l d  s e n s o r s ,  w e  g e t  
Hms - 2 I which r e p r e s e n t s  a r ea sonab l e  bound on t h e  
7 
NrmS 
d e s i r e d  g rade  of s e n r i c e  f o r  vo i ce  communications. 
( I n  A3 te lephony ,  a  6db aud io  S/N r a t i o  produces  j u s t - u s a b l e - q u a l i t y  
r e c e p t i o n ,  and i s  rese rved  f o r  ope ra to r - t o -ope ra to r  communications. 
Good commercial q u a l i t y  r e c e p t i o n  r e q u i r e s  an aud io  S/N r a t i o  on t h e  
o r d e r  of 30db. ) 
By us ing  t h i s  c r i t e r i o n ,  and combining Eqs. (11) o r  (9 )  wi th  (4)  o r  
( 8 ) ,  i t  i s  p o s s i b l e  t o  determine t h e  cor responding  RMS c u r r e n t  ( o r  t h e  
power) r equ i r ed  t o  ach ieve  a  12db S/N r a t i o  f o r  v o i c e  communication through 




































































































































































































































































































































































































































Arthur D Little, lnc. 
t h e  e a r t h ,  t o  mines under a  v a r i e t y  of circumstances.  These r e s u l t s  
can on ly  be rough e s t i m a t e s ,  g iven t h e  s i m p l i f i e d  n a t u r e  of t h e  
assumptions made i n  t h e  above a n a l y s i s .  However, they a r e  i n  an impor- 
t a n t  s ense  "worst case" e s t i m a t e s ,  s i n c e  w e  know t h a t  by t a i l o r i n g  
t h e  i n i t i a l  vo i ce  spectrum and shaping t h e  rece ived  n o i s e  spectrum, o r  
reducing i t s  few major harmonic components, we can ach ieve  l a r g e  ga in s  
i n  t h e  f i n a l  s i g n a l - t o - n o i s e  r a t i o .  Note t h a t  t he  pol.rer c a l c u l a t i o n s  
r e p r e s e n t  t he  average power de l i ve r ed  t o  a  50 ohm load .  To d e l i v e r  the1 
r equ i r ed  l e v e l s  of average power - with  l i n e a r  ampl i f i . e r s  - r e q u i r e s  
approximately 10m15dh more a m p l i f i e r  power handl ing c a p a b i l i t y ,  because 
of t h e  dynamic range of normal speech. 
The r e s u l t s ,  i n  terms of t h e  RMS antenna c u r r e n t  r equ i r ed ,  a r e  
shown i n  F igure  1-9 and Table  1-1 f o r  t h e  mine no i s e  ca se s  d i scussed  
above a t  t h e  t h r e e  dep ths  of 300, 600, and 1000 f e e t .  V e r t i c a l  com- 
ponents  of t h e  n o i s e  f i e l d s  have been compared wi th  t h e  h o r i z o n t a l  
s i g n a l  f i e l d  components produced by a  h o r i z o n t a l  wi re  an tenna ,  because 
NBS publ i shed  p r i m a r i l y  v e r t i c a l  component graphs of in-mine no ise .  
Though t h e  degree  of v a r i a b i l i t y  between v e r t i c a l  and h o r i z o n t a l  com- 
ponents  must s t i l l  be a s c e r t a i n e d ,  i t  w i l l  probably f a l l  w e l l  w i th in  
t h e  wide v a r i a t i o n  experienced i n  t h e  v e r t i c a l  f i e l d  a lone.  The 
h ighes t  no i s e  l e v e l  (Lincoln ?fine, s eve re  t r o l l e y  impuls ive no i s e )  
r e q u i r e s  on t h e  o r d e r  of 100 k i l o w a t t s  f o r  i n t e l l i g i b l e  vo i ce  communi- 
c a t i o n  a t  a depth of 1000 f e e t ,  and 23 k i l o w a t t s  even a t  600 f e e t ,  f o r  
a  50 long-wire antenna impedance. These power l e v e l s  may mean t h a t  
vo i ce  communication t o  someone on a  moving t r o l l e y  w i l l  no t  be p o s s i b l e  
through t h e  e a r t h .  
I n  a d d i t i o n ,  both t h e  t r o l l e y  impuls ive n o i s e  and vo i ce  s p e c t r a  f a l l  
o f f  w i th  i n c r e a s i n g  frequency,  a s  shown i n  F igure  1-10, a s  opposed t o  
j u s t  t h e  vo i ce  spectrum a s  i n  t y p i c a l  vo i ce  communications systems;  s o  
t h a t  a S/N r a t i o  g r e a t e r  than  12db, and cor respondingly  h ighe r  t r a n s m i t t e r  
powers may be r equ i r ed  t o  ensure  i n t e l l i g i b i l i t y  under such n o i s e  cond i t i ons .  
S i g n a l  pre-emphasis be fo re  t r ansmis s ion ,  and n o i s e  and s ignal-spectrum 
shaping  upon r e c e p t i o n ,  can probably be used t o  advantage h e r e .  However, 
t h e  dominance of t h i s  n o i s e  type  and l e v e l  is r e l a t i v e l y  i n f r equen t  at  
any given p o i n t  i n  a  mine, because harmonic i n t e r f e r e n c e  i s  t h e  most 
p r eva l en t .  Hence, by u s i n g  techniques ,  such a s  harmonic r e j e c t i o n  f i l t e r s  
on r e c e p t i o n  and signal pre-emphasis and peak c l i p p i n g  on t r ansmis s ion ,  
i t  appears  t h a t  i n t e l l i g i b l e  through-the-earth vo ice  communications t o  
mines may be p o s s i b l e  a t  reasonable  power l e v e l s  f o r  t h e  g r e a t  ma jo r i t y  of 
t h e  t ime.  Ca l cu l a t i ons  of  t h e  e f f e c t s  of s imple  vo i ce  spectrum shaping  
techniques  and peak c l i p p i n g  are presen ted  i n  t he  subsequent Chapters  I V  
and V of t h i s  P a r t  of  Volume I. A proposed des ign  of a  harmonic r e j e c t i o n  
f i l t e r  is desc r ibed  i n  Chapter V I .  The r e s u l t s  of t h e s e  i n v e s t i g a t i o n s ,  
as w i l l  be seen ,  are s u f f i c i e n t l y  encouraging t o  war ran t  f u r t h e r  p u r s u i t  
of  t h e s e  t o p i c s .  
Arthur D Little, Inc. 
Arthur D Little, Inc. 
TABLE 1-1 
RMS ANTENNA CURRENT AND AVEKAGE POWER D I S S I P A T E D  
FOR LONG-WIRE 50-OHM ANTENNA 
( for  o = mho/meter) 
Depth of Mine, Fee t  
30 0  600 1000 
(A)  P(wa t t s )  'rms 1 
Lincoln  Mine 9 . 1  1 4100 1 21.6 123000 j 52.6 1140000 
I (high impuls ive no i s e )  , 
Gunn Quealy Mine .074 
(low n o i s e )  
Al len  Mine .19 
(low n o i s e )  
Al len  Mine 2.6  
(h igh  harmonic n o i s e )  
These t r a n s m i t t e r  powers produce a s i g n a l - t o - n o i s e  r a t i o  of 12db over 
t h e  vo i ce  band upon reception under the  s p e c i f i e d  n o i s e  cond i t i ons .  A 
power handl ing  c a p a b i l i t y  of 10-15dh more than  the  average power d i s -  
s i p a t e d  i s  r equ i r ed  i f  l i n e a r  a m p l i f i e r s  a r e  used f o r  vo ice  t ransmis -  
s i o n  ( s e e  t e x t ,  p. 1-13).  
.Arthur D Little, Inc. 
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Arthur D Little, Inc. 
11. SIGNAL POWER ESTIMATES FOR UPLINK TIIROUGH-THE-EARTH 
Conipnion c a l c u l a t i o n s  t o  those  described i n  t h e  preceding Chapter I 
on downlink through-the-earth communications were performed on t h e  upl ink  
voice  channel,  us ing  a  v e r t i c a l  loop t r a n s m i t t e r .  
A METHOD -OF CALCULATION - 'UPLINK, 'LOOP ANTENNA 
The magnetic f i e l d  a t  the su r face  i s  given by 
I N A  I G \ (1) * - 
I H Z 1  2  nIl3 , v e r t i c a l  component, where I G I  , a s  derived 
by Westinghouse, i s  p l o t t e d  i n  Figure 2-1. Using Figure 2-1 curves of 
I G I / 2f l  D~ versus  frequency f o r  t h ree  mine depths,  with e a r t h  conducti-  
v i t i e s  of 10'2 and loo1 mhos/meter, were p l o t t e d  i n  Figure 2-2. 
The va lue  of the  RMS magnetic moment (Mr,, = NAI,,), requi red  f o r  
a s ignal - to-noise  r a t i o  of 12db between the  v e r t i c a l  components of 
s i g n a l  and no i se  magnetic f i e l d s  a t  the  su r face ,  under a v a r i e t y  of su r -  
f ace  no i se  condi t ions ,  was ca l cu la t ed  f o r  t hese  t h r e e  depths. 
The same l / f  vo ice  spectrum, and the  methods of s ignal - to-noise  computa- 
t i o n  described previous ly  were used. A cur ren t  source f o r  t h e  loop 
was assumed, s o  t h a t  t h e  spectrum l e v e l  of NAI l / f .  As f o r  t h e  
horizontal-wire antenna downlink case ,  c a l c u l a t i o n s  were performed 
only f o r  t h e  more favorable  0 = 1 0 - ~  mhow/meter conduct iv i ty  s i t u a t i o n ,  
commonly found over  c o a l  mines. 
A t  D = 300 f e e t ,  we approximate 
A t  D = 600 f e e t  we approximate 
-8 -.000197f 
= 2 . 5 8 x 1 0  e 
-3 
(meter ) 
2 ~ ~ 3  
A t  D = 1000 f e e t ,  we approximate 
= 5.35 x e-*000454f (meter -3 
2 ~ ~ 3  
* References t o  Figures,  Tables ,  and Equations apply t o  those  i n  t h i s  
Chapter un le s s  otherwise noted. 
Arthur D L.ittle, lnc 
Source: Westinghouse Georesearch Labora tory  (WG L )  
FIGURE 2-1 LOOP ANTENNA, C:OUPLING RELATIONSHIP 
Arthur D Little, Inc 
Arthur D Little, Inc 
S i n c e  LG_L is of t h e  a t h e  r e c e i v e d  f i e l d  can  b e  
2 ~ ~ 3  
w r i t t e n  i n  t h e  form 
e -2Bf rms 
f 2  
as i n  E q u a t i o n  (8) of  C h a p t e r  I. 
B. NOISE ON THE SURFACE OVER MINES ..-- 
S u r f a c e  Noise  C o n d i t i o n s :  
( a )  A l l e n  Mine ( F i g u r e  2 - 3 ,  Bensema N R S  r e p o r t ) *  60  Hz and 360Hz 
harmonics p r i m a r i l y r v e r t i c a l  component. 
N r m s  = 5 x l o o 4  A/>l ( h i g h  n o i s e )  
( h )  Gunn ( h e a l y  y j n e  F i g u r e  2-4, 60 Hz ha rmonics  and broadband 
background n o i s e ,  v e r t i c a l  component (IJest ingtiouse d a t a )  
' rms = 2.34 x l o o 4  A / M  (medium n o i s e )  
( c )  L i n c o l n  Pline ( F i g u r e  2-5,  Hensema N H S  r e p o r t )  60 Hz harmonics  
p r i m a r i l y ,  v e r t i c a l . c o m p o n e n t  
N r m s  = 1.33 x 1  oW4 A/X ( low n o i s e )  
Broadband n o i s e  l e v e l s  were  n e g l e c t e d  i n  t h e  n o i s e  power c a l c u l a -  
t i o n s ,  whenever t h e  spec t rum l e v e l  a s  s e e n  by a l t lz  bandwidth f i l t e r  was 
( ( / v e r  t h e  i n d i v i d u a l  500 o r  10001Iz wide segments  used  t o  sum n o i s e  
c o n t r i b u t i o n s )  more t h a n  40db below t h e  h i g h e s t  harmolli-c peak l y i n g  
between 500 and 3000Hz. I n  c a s e s  (a) and ( c ) ,  t h i s  c r i t e r i o n  i s  sa t i s -  
f i e d  o v e r  t h e  wtiole o f  t h e  v o i c e  bandwidth ,  whereas  i n  c a s e  ( b )  t h e  
background n o i s e  d o e s  n o t  d r o p  more t h a n  30db below t h e  660M- peak,  and 
hence  h a s  been i n c l u d e d - i n  t h e  n o i s e  computa t ion .  
C. SIGNAL NOISE AND POWER ESTIMATES 
A p l o t  of t h e  l o o p  m a g n e t i c  moment r e q u i r e d  f o r  v o i c e  t r a n s m i s s i o n  
w i t h  a 12db S/N r a t i o  as a f u n c t i o n  o f  c l ep t l~  i s  shown i n  F i g u r e  2-6 .  
Shapes  o f  t h e  s i g n a l  a t t e n u a t i o n  f a c t o r  and v o i c e  spec t rum,  as f u n c t i o n s  
o f  f r e q u e n c y ,  a r e  shown i n  F i g u r e  2-7. The m a g n e t i c  moment r e s u l t s  are 
p r e s e n t e d  i n  T a b l e  2-1. I n  T a b l e s  2-2 and 2-3 t h e  power d i s s i p a t e d  i n  
* Ref .  1-1, NBS R e p o r t  10-739 
Arthur D Little, Inc. 
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FIGURE 2-4 EM BACKGROUND NOISE ON SURFACE-VERTICAL COMPONENT, Hz 
GUNN QUEALY M I N E ,  ROCK SPRINGS, WYOMING 
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TABLE 2-1 
REQUIRED LOOP MAGNETIC MOMENT, AMP-METER 
2 
-2 
f o r  a = 10 mho/meterk 
Depth of Mine (Feet)  
300 600 - 1000 
Surface  Noise a t :  
Allen Mine 10,500 94,7 00 547,000 
(harmonics only)  
Gunn Quealy Mine 4,910 44,300 269,000 
(harmorif c s  and 
broadband) 
Lincoln Mine 2,790 
(harmonics on ly)  
*For a s igna l - t o -no i se  r a t i o  of 12db over t h e v o i c e  band upon recept ion .  
2.27 
Arthur D Little, Inc. 
TABLE 2-2 
AVXRAGE POWER DISSIPATION AND RMS VOLTAGE AND CURRENT 
I N  UPLINK CIRCULAR LOOP ANTENNA 
-2 
f o r  a = 10 mho/meter* 
Loop: 100 f e e t  pe r iphe ry ,  20 t u r n s  of No. 8 gauge wi re  ( . I285  i n .  diameter)  
Res is tance  R = 1 . 3  ohms; 
Inductance L = 27 m i l l i h e n r i e s ;  
NA = 1460 meter2 
Depth of Mine (Fee t )  
Sur face  Noise Condition 300 - 600 - 1000 -
I (A) vrms (V) P (Watts) I (A)  v (V) P (W)I (A) V (V) P (W) 
r m s  rms rms r m s  rms - -  --
*For a 12db s igna l - t o -no i se  r a t i o  ac ros s  t he  vo i ce  band upon recept ion .  
Arthur D Little, Inc 
390 82,000 200,000 
180 38,000 44,0( 
100 22,000 14,000 
Allen Mine 7.2 1 ,500 6 7 
(11 i g h) 
Gunn Quealy Mine 3.4 690 14.7 
(medium) 
Lincoln Mine 1 .9  400 4.7 
(low) 
65 13,000 5500 
30 6,3ocl2OO 
17 3,500 390 
TABLE 2-3  
AVERAGE POWER DISSIPATED ANL) RMS VOLTAGE AND CURRENT 
I N  UPLINK CIRCULAR LOOP ANTENNA 
-2 
f o r  0 = 10 mholmeter* 
Loop: 100 f e e t  pe r iphe ry ,  10 t u r n s  of No. 2 gauge w i r e  (.2576 i n .  diameter)  
Res is tance  R = 0.12 ohms: 
~ ~ d ~ ~ t ~ ~ ~ ~  L = 6'1 m i l l i h e n r i e s ;  
NA = 730 meter2 
Allen Mine 
(high)  




- - -  - 
*For a 12db s ig i la l - to -noise  r a t i o  ac ros s  t he  v o i c e  band upon r ecep t ion ,  
Sur face  Noise Condition 
Depth of Mine (Feet)  
300 600 1000 
I 
rms 
v P I v P I 
rms rms rms rms 
v 
r m s  
P 
Arthur D Little, Inc 
(A) (V) (Watts) 
14 690 25 
6 .7  320 5 .4  
3.8 180 1 . 8  
(A) (V) (W) 
130 6,100 2000 
61  2,800 
35 1,600 
(A) (v) (w) 
790 37,000 74,000 
440370  17,000 16,000 
1 4 0 2 1 0  9,800 5,300 
t h e  loop an tenna ,  and t h e  1WS c u r r e n t  and v o l t a g e  under t h e s e  t r ansmis -  
s i o n  c o n d i t i o n s ,  a r e  p r e s e n t e d  f o r  two a l t e r n a t i v e  loop c o n f i g u r a t i o n s  
of r e a s o n a b l e  s i z e .  The RMS v o l t a g e  has  been c a l c u l a t e d  f o r  t h e  case  
where t h e  loop s i g n a l  c u r r e n t  spectrum l e v e l  v a r i e s  a s  l / f ,  s o  t h a t  
v 2  - I (L wiwf) 1 / 2  
rms rms 
where L  i s  t h e  induc tance  of t h e  l o o p ,  and w w a r e  t h e  i n i t i a l  and f i n a l  i' f  
edges  o f  t h e  v o i c e  bandwidth ( i . e . , 5 0 0  and 3000Hz). These d a t a  a r e  a l s o  
p r e s e n t e d  i n  F i g u r e  2-8. Throughout,  a v a l u e  of 10'2 mhos/meter has  been 
assumed f o r  t h e  overburden c o n d u c t i v i t y .  
F i g u r e  2-8 stlows t h a t  t h e  power r e q u i r e d  v a r i e s ,  under t h e  n o i s e  can- 
d i t i o n s  encounte red ,  from e a s i l y  r e a l i z a b l e  l e v e l s  of up t o  around 100 
w a t t s  f a r  mine d e p t h s  i n  t h e  range of 300 t o  600 f e e t ,  t o  t h e  v e r y  high 
v a l u e s  of s e v e r a l  hundred k i l o w a t t s  f o r  t h e  deepes t  mines (1000 f e e t )  
under  t h e  wors t  n o i s e  c o n d i t i o n s .  
Two t r a n s m i t t e r  loop c o n f i g u r a t i o n s  were chosen wi th  a view t o  
keeping t h e  d iamete r  of t h e  conductor  "bundle" roughly  c o n s t a n t .  The 
weight  i n c r e a s e d  a p p r e c i a b l y  from 100 l b s  i n  loop  ( a ) ,  t o  150 l b s  i n  
loop ( b ) .  It is  c l e a r  t h a t  s i z a b l e  r e d u c t i o n s  i n  power can be ach ieved  
by c a r e f u l  d e s i g n  of t h e  loop an tenna ,  bu t  a  more thorough i n v e s t i g a t i o n  
i s  needed w i t h  p r o p e r  we igh t ing  g iven  t o  f a c t o r s  such a s  we igh t ,  volume, 
a r e a ,  and c o s t .  These g a i n s  may, however, n o t  be s u f f i c i e n t  t o  actl leve 
s a t i s f a c t o r y  v o i c e  t r a n s m i s s i o n  from t h e  d e e p e s t  mines under  t h e  w o r s t  
s u r f a c e - n o i s e  c o n d i t i o n s ,  because of t h e  p r a c t i c a l  l i m i t a t i o n s  imposed 
on a  s u b s u r f a c e  sys tem compared w i t h  a  s u r f a c e  i n s t a l l a t i o n .  Rut a s  i n  
t h e  doxmlink c a s e ,  s i g n i f i c a n t  g a i n s  may be p o s s i b l e  bv s e l e c t i v e l y  
r e j e c t i n g  t h e  wors t  harmonic c o n t r i b u t i o n s  by 8. s e r i e s  of no tch  f i l t e r s ,  
and t h e  use  of pre-emphasis  and p e a k - c l i p p i n g  t e c h n i q u e s  on t r a n s m i s s i o n .  
F u r t h e r  d i s c u s s i o n  of t h e s e  t e c h n i q u e s  may b e  found i n  Chap te r s  I V ,  V ,  
and VI of t h i a  P a r t .  
Arthur D Little, Inc 
FIGURE 2-8 AVERAGE POWER DISSIPATED I N  LOOP FOR 12db S/N 
OVER VOICE BANDWl DTH AT SURFACE (Uplink Transmission) 
Arthur D L.i t tle Inc. 
111. SPOT SIN RATIO ESTIMATES FOR UPLINK AND DOWNLINK THROUGH-THE-EARTH 
NARROWBAND CODE COMMUNICATIONS 
Es t imates  of t h e  s p o t  s ignal- to-noise  r a t i o  (SIN) were made a s  a  
func t i on  of f requency f o r  a  v a r i e t y  of in-mine and s u r f a c e  n o i s e  condi- 
t i o n s  l i k e l y  t o  be encountered by narrowband code communications systems 
between mines and t h e  s u r f a c e .  Both up l i nk  and downlink through-the- 
e a r t h  channels  were t r e a t e d .  The s p o t  SIN r a t i o  i s  def ined  a s  
S - Signa l  Power 
(E) s p o t  ( ~ o i s e  Power Densi ty  1 
where t h e  s i g n a l  (S) i s  expressed  i n  u n i t s  of amplmeter, and t h e  broadband 
n o i s e  d e n s i t y  (N) i n  u n i t s  of amp/meter p e r  6. These c a l c u l a t i o n s  have 
been c a r r i e d  o u t  w i th  t h e  l i m i t e d  a v a i l a b l e  n o i s e  d a t a ,  t o  p rov ide  pre- 
l im ina ry  e s t i m a t e s  of performance t r e n d s  and l i m i t a t i o n s  t o  be  expected 
f o r  low-frequency narrowband code communications systems,  and t o  h e l p  
i d e n t i f y  r e l a t e d  d a t a  gaps o r  l i m i t a t i o n s .  Narrowband systems a r e  of 
i n t e r e s t  t o  t h e  Bureau of Mines because of t h e  p o s s i b i l i t y  of  o b t a i n i n g  
code communication under c i rcumstances  where voiceband communication may 
be  i n e f f e c t i v e  (e .g . ,  i n  h igh  n o i s e  and/or  h igh  s igna l - a t t enua t i on  con- 
d i t i o n s )  . 
A. SIGNAL AND NOISE PLOTS 
Figures  3-1 and 3-2 show, r e s p e c t i v e l y ,  t h e  s i g n a l  f i e l d  s t r e n g t h s  
a t  t h e  r e c e i v e r  f o r  a  downlink hor izonta l -wi re  antenna w i th  a  c u r r e n t  of 
1 ampere (50 w a t t s  f o r  t h e  50-ohm antenna of  Chapter I ,  and an up l ink  
loop  antenna w i th  a  c u r r e n t  of 1 ampere and a  magnetic moment of 1460 
amp-meter2 (1 .3  w a t t s  f o r  t h e  20-turn loop of Chapter 11 ) .  Ths s i g n a l s  
( i . e . ,  t h e  v e r t i c a l  and h o r i z o n t a l  magne t ic - f ie ld  components, d i r e c t l y  
above t h e  loop  o r  below t h e  w i r e  an tenna ,  r e s p e c t i v e l y )  a r e  p l o t t e d  a t  
t h r e e  mine depths  (300, 600, and 1000 f e e t )  f o r  r e p r e s e n t a t i v e  over- 
burden c o n d u c t i v i t i e s  and 10-I  mhoslmeter) . Figures  3-3 and 3-4 
a r e  p l o t s  of t h e  broadband n o i s e  d e n s i t y  bo th  i n  t h e  mine and on t h e  
s u r f a c e  r e s p e c t i v e l y ,  f o r  a  v a r i e t y  of  cond i t i ons .  These data** a r e  
t aken  from W.D. Bensema's NBS r e p o r t ,  WGL measurements, and some atmos- 
p h e r i c  n o i s e  measurements on t h e  s u r f a c e  i n  F l o r i d a  (un re l a t ed  t o  any 
mining a c t i v i t y )  r epo r t ed  by J .  E. Evans i n  M.I.T. L inco ln  Laboratory 
Technica l  Note 1969-18, March 1969. F igures  3-5, 3-6, 3-7, 3-8, 3-9, 
3-10, 3-11, 3-12, and 3-13 p re sen t  t h e  o r i g i n a l  d a t a  p l o t s .  I n  a  m a j o r i t y  
of  t h e  at-mine c a s e s ,  v e r t i c a l  n o i s e  components a r e  shown, s i n c e  most 
measurements have been taken  of t h e s e .  Some in-mine measurements of 
broadband h o r i z o n t a l  n o i s e  components (F igures  17 and 1 8  o f  Bensema's 
NBS r e p o r t ) t g i v e  r e s u l t s  n o t  very  d i f f e r e n t  from t h e  low v e r t i c a l  broad- 
band n o i s e  component p l o t t e d  from Figure  14  of Bensema's work, i n  
F igu re  3-8 of t h i s  Chapter.  It is reasonable  t o  suppose t h a t  broad- 
band h o r i z o n t a l  n o i s e  is  l i k e l y  t o  be  no h i g h e r  than  t h e  wors t  broadband 
v e r t i c a l  n o i s e  i n  t h e  mine. 
* References  t o  F igu re s ,   table.^, and Equations apply t o  t hose  i n  t h i s  
Chapter  u n l e s s  o the rwi se  no t ed .  
** Adjusted t o  a 1 Hz bandwidth. 
t Ref. 1-1, NBS Report 10-739. 
> ,  
Arthur D Little, Inc. 
Arthur D Little. Inc 
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1000 Frequency 1 2000 1 1  (Hz) 3000 
Source: Westinghouse Georesearch Laboratory (WGL) 
FIGURE 3-9 HORIZONTAL COMPONENT OF SUBSURFACE EM NOISE MAGNETIC FIELD, H y ,  









































































































































































































































































































































































































































































FIGURE 3-12 EM BACKGROUND NOISE ON SURFACE-VERTICAL COMPONENT, Hz 
GUNN OUEALY MINE, ROCK SPRINGS, WYOMING 
Arthur D Little, Inc. 
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FIGURE 3-13 WIDEBAND POWER DENSITY SPECTRUM FOR FLORIDA 
DATA (Feb., May, June, July 1968) MAGNETIC FIELD 
HORIZONTAL COMPONENTS 
Arthur D Little, Inc. 
It is  apparen t  from Figures  3-3 and 3-4 t h a t  i n  s e v e r a l  i n s t a n c e s  
t h e  broadband n o i s e  d e n s i t y  has  n o t  been p l o t t e d  down t o  t h e  mintmum 
frequency a t  which n o i s e  measurements were made. For o u r  p l o t t i n g  pur -  
p o s e s ,  c u t - o f f  f r e q u e n c i e s  were chosen because  of two f a c t o r s  which can 
s i g n i f i c a n t l y  d i s t o r t  very- low-frequency broadband n o i s e  e s t i m a t e s  made 
from t h e  hBS and WGL p l o t s .  These can be i l l u s t r a t e d  by r e f e r e n c e  t o  
Bensema's work. F i r s t ,  i n  t h e  p resence  of a h i g h - l e v e l  harmonic ( p a r t i c u -  
l a r l y  6011~ and 180Hz), t h e  c h a r a c t e r i s t i c s  of t h e  a n a l y s i s  f i l t e r  used 
a r e  such t h a t  t h e  p l o t t e d  l e v e l  of t h e  n o i s e  " f loor"  between harmonics 
may be r a i s e d  s i g n i f i c a n t l y  above i t s  a c t u a l  va lue .  Secondly,  a s  i s  
a p p a r e n t  from t h e  system t e s t  w i t h  t h e  an tenna  d i sconnec ted  ( F i g u r e  15,  
~ e n s e m a ) ,  t a p e  r e c o r d e r  n o i s e  r i s e s  s t e e p l y  below 100Hz, and may s e v e r e l y  
c o ~ ~ t a m i n a t e  low-frequency broadband n o i s e  measurements under some condi -  
t i o n s .  Broadband n o i s e  l e v e l s  between harmonic peaks a t  v e r y  low 
f r e q u e n c i e s  ( e . ~ .  , below 250Hz o r  s o ) ,  p r e s e n t e d  by NBS and WGL, may 
t h e r e f o r e  r e p r e s e n t  upper l i m i t s ,  t h a t  a r e  p o s s i b l y  lOdb o r  more above 
t h e  a c t u a l  broadband n o i s e  f l o o r .  Nore -ca re fu l  measurements, o r  
r e p r o c e s s i n g  of e x i s t i n g  n o i s e  r e c o r d i n g s ,  a r e  r e q u i r e d  h e f o r e  t h e s e  low- 
f requency  u n c e r t a i n t i e s  can be removed. 
H .  SPOT SIGNAL-TO-NOISE RATIOS 
The s p o t  s i g n a l - t o - n o i s e  r a t i o s  f o r  t h e  t r a n s m i t t e r  an tennas  and 
n o i s e  c o n d i t i o n s  j u s t  d e s c r i b e d  a r e  p l o t t e d  i n  F igures  3-14 and 3-15 f o r  
t h e  downlink and i n  F i g u r e s  3-16 and 3-17 f o r  t h e  u p l i n k  channels .  I n  
each  c a s e ,  two v a l u e s  of overburden c o n d u c t i v i t y  have been used 1~11ich 
r e p r e s e n t  moderate and h i g h  v a l u e s  (10'2 and 10'1 mhos/meter) f o r  c o a l  
mine r e g i o n s .  
F i g u r e s  3-15 and 3-17 r e v e a l  t h a t ,  f o r  both  t h e  u p l i n k  and down- 
l i n k  channe l s ,  t h e  optimum frequency f o r  narrowband code communication 
systems f o r  t h e  d e e p e s t  mines under  c o n d i t i o n s  of h igh  e a r t h  c o n d u c t i v i t v  
(10'1 mhos/meter) l ies  c o n s i d e r a b l y  below 1kHz. A t  a  d e p t h  of 1,000 f e e t ,  
a  f requency  on t h e  o r d e r  o f  lOOHz seems optimum. A t  a dep th  of 
o n l y  300 f e e t  t h e r e  i s  l i t t l e  v a r i a t i o n  i n  t h e  s p o t  s i g n a l - t o - n o i s e  r a t i o  
over  f r e q u e n c i e s  i n  t h e  range  between 100 and 500Hz. The downlink channel  
c a l c u l a t i o n  a t  moderate e a r t h  c o n d u c t i v i t y  (1 om2 mhoslmeter)  , shown i n  
F igure  3-14 i n d i c a t e s  t h a t  a f requency  n e a r  lOOOHz would be b e t t e r  than  - 
one i n  t h e  100-500Hz range.  However, i n  a l l  excep t  t h e  h i g h e s t  n o i s e  
c a s e s  f o r  deeper  mines ( i . e . ,  Lincoln  Mine n o i s e  a t  600 and 1 ,000 f e e t ) ,  
good s p o t  s i g n a l - t o - n o i s e  r a t i o s  of lOdb o r  more a r e  p r e d i c t e d  down t o  ,2 
f requency of 200Hz. Note t h a t  t h i s  r e f e r s  t o  a  h o r i z o n t a l - w i r e  an tenna  
w i t h  a  c u r r e n t  of 1  ampere. A c u r r e n t  of 4  amperes would p r o v i d e  a  10db 
s p o t  s i g n a l - t o - n o i s e  r a t i o  a t  20OHz even a t  1,000 f e e t ,  under  even 
~ i n c o l n - ~ i n e  h i g h - n o i s e  c o n d i t i o n s .  The u p l i n k  channel  c a l c u l a t i o n ,  
shown i n  F i g u r e  3- 16,  a t  moderate  e a r t h  c o n d u c t i v i t y  (1 0-2 mholmeter) 
demons t ra tes  less s e n s i t i v i t y  t o  f requency than  t h e  downlink c a s e ,  and 
f r e q u e n c i e s  i n  t h e  range  of 100 t o  lOOOHz appear  about  e q u a l l y  , 
s a t i s f a c t o r y .  
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The spot signal-to-noise ratjos plotted for Evans' noise measure- 
ments in Figures 3-16 and 3-17 are probably representative of the range 
of expected performance on the surface when broadband man-made noise is 
not dominant; the Florida Winter curve is characteristic of the cases 
when thunderstorms are distant, and the Florida Summer curve is character- 
istic of times of intense local thunderstorm activity. For communication 
via the vertical signal component, the S I N  estimates are probably 12 to 20db 
too pessimistic, because the horizontal noise components (which are 
larger than the vertical) were used in the calctilations. On the other 
hand, for EM location systems*that depend on detecting and locating a 
null in the horizontal component of signal magnetic field, the S/N curves 
are probably more than 30db too optimistic, because horizontal signal 
null depths can be more than 50db below, the vertical component signal 
strength directly above a loop signal source. 
C . CONCLIJDING REMARKS 
A generalized tentative conclusion is that frequencies on the order 
of 100 to 500Hz appear attractive for the design of narrowband code 
through-the-earth communications systems to cover a wide variety of mine 
depths,conductivities, and noise conditions. This holds for both uplink 
and downlink channels, and particularly under conditions of high-signal 
attenuation and high noise. The limited noise data available indicate 
that even for deep (1,000 ft) mines with high noise and conductivity, 
more-than-adequate signal-to-noise levels should be attainable for 
narrowband code systems with practical signal sources operating at 100 
to 50011~. However, for moderate conduc~tivity mines, the data indicate 
that frequencies up to about 1-to-2kHz .may provide improved performance. 
If high conductivity, deep mine conditions assume a high priority, 
more accurate measurement of the broadband-noise power spectral density 
and/or processing of existing noise recordings at very low frequencies 
will be required to obtain more exact estimates of the noise 
densities; so that optimum frequencv bands for narrowband code communi- 
cations systems can be identified and selected with a higher degree of 
confidence. Since broadband man-made 'nd atmospheric noise contribu- 
tions are also nonstationary and non-Ca.ussian, it is important to obtain 
and utilize noise amplitude and time statistics, so that full advantage 
can be taken of existing methods for optimizing digital signaling in 
such noise environments. 
This discussion has not touched on ways in which it may be possible 
to take advantage of certain broadband noise characteristics to improve 
the performance of narrowband code cominunications systems. For example, 
when broadband noise is highly impttlsive in nature (which can be deter- 
mined by observation and by measuring aLmplitude and time-interval exceed- 
ance probabilities), then it may be pra.ctica1 to use wideband-limiting 
* Breadboard and prototype EM detectionllocation systems for trapped miners 
have been developed and tested for the Bureau of Mines by Westinghouse 
Georesearch Laboratory on Contract H0232043. In addition a miniaturized 
waveform generator is being developed for pre-production versions of the 
miner-carried EM location transmitter by Collins Radio Co. under Contract 
H0133045. 
2.51 Arthur D Little, Inc. 
or other impulsive-noise-discrimination techniques to good advantage. 
Some of these techniques mag not be usable in the presence oE strong 
harmonic interference, but clearly they merit further investigation 
concerning their applicability and possible application. 
Arthur D Little, Inc 
I V .  EFFECTS OF DIFFERENTIATION ON BASEBAND VOICE SIGNALS TRANSMITTED 
THROUGH THE EARTH FROM THE SURFACE TO MINES (DOWNLINK) 
This  Chapter of P a r t  Two con t a in s  an ex t ens ion  of work on t h e  down- 
l i n k  t r ansmis s ion  of baseband v o i c e  s i g n a l s  from t h e  s u r f a c e  t o  mines,  
a s  de sc r ibed  i n  Chapter I. Ca lcu l a t i ons  a r e  p resen ted  of t h e  e f f e c t  on 
t h e  s ignal- to-noise  r a t i o  a c r o s s  t h e  500Hz t o  3kHz band of d i f f e r e n t i a -  
t i n g  t h e  v o i c e  s i g n a l  a t  t h e  t r a n s m i t t e r ,  and d i f f e r e n t i a t i n g  bo th  t h e  
s i g n a l  and t h e  n o i s e  on r e c e p t i o n ,  i nc lud ing  t h e  i n f l u e n c e  of  t h e  r e c e i v e  
loop.  (Chapter I conta ined  c a l c u l a t i o n s  of t h e  r a t i o  of  t h e  RMS s i g n a l  
t o  RMS n o i s e  magnet ic  f i e l d . )  The e f f e c t  of  t h e  overburden is  e s s e n t i a l l y  
t o  i n t e g r a t e  t h e  t r a n s m i t t e d  s i g n a l ,  i . e . ,  f avo r  lower frequency components. 
A s  d i s cus sed  i n  Chapter I ,  spectrurn shaping techniques  should be  
examined, i n  o r d e r  t o  determine whether s i g n i f i c a n t  i n c r e a s e s  i n  t h e  
i n t e l l i g i b i l i t y  of vo i ce  communications can thereby  be ob t a ined ,  which 
w i l l  enab l e  reasonably  i n t e l l i g i b l e  communication t o  b e  achieved a t  
p r a c t i c a l  power l e v e l s  even t o  deep mines (1000 f e e t )  under h igh  n o i s e  
cond i t i ons .  
A. RECEIVE LOOP OUTPUT 
The induced v o l t a g e  i n  t h e  loop  can be w r i t t e n  
V = jwany H v o l t s  
0 
where a  is  t h e  a r e a ,  and n t h e  number of t u r n s  i n  t h e  loop.  ' Hence, t h e  RMS 
s i g n a l  v o l t a g e  is 
2 vS = 8n x 1 0 - ~  
r m s  
3000 f 2 ~ 2  ( f )  df 'I2 
an "500 
Assume n = 1, a = 1 meter2, and cons ider  t h e  fo l lowing  ca se s .  
(a)  Transmit ted S i g n a l  as i n  Chapter I, i . e . ,  w i th  t h e  same 
n o t a t i o n  
* References  t o  F igu re s ,  Tab l e s ,  and Equat ions  apply  t o  t hose  i n  t h i s  
Chapter  u n l e s s  o therwise  no ted .  




























































For a = 10 mhoslmeter, i t  fol lows t h a t :  
D e ~ t h  D. f e e t  
Table  4-3 
2 .  Noise 
The d i f f e r e n t i a t i o n  by t h e  r ece ive  ltoop a f f e c t s  t h e  n o i s e  ou tpu t  
a s  fo l lows;  u s ing  a loop wi th  a and n s e t  e q u a l  t o  lm2 and 1 r e s p e c t i v e l y  
a s  above, and t h e  n o i s e  d a t a  of Chapter I, we g e t :  
(a) Harmonic Noise Components 
vn rms = 8 r 2 x 1 0  -7 /> I: f i  hi (9) 
i 
Al l en  Mine, Colorado - W.D. Bensema (NBS measurements)* 
2 -7 vn = 871 x 10 x 0.07 v o l t s  (low harmonic n o i s e ,  F igure  16) rms 
2 -7 vn = 871 x 10 x 1 .03  v o l t s  (high harmonic n o i s e ,  F igure  23) 
rms 
(b) Noise P r imar i l y  Broadband 1:mpulsive 
2 -7 vn = 871 x 10 N1 [ /  3000 f 2  .-2N2f 
r m s  
df l1I2 
500 
Lincoln  Mine, Colorado - Figure 30 Bensema's Report 
N1 = 0.000316; N2 = 0.00115 
s o  t h a t  
2 -7 vn = 8r  x 10 x 3.75 v o l t s  rms 
* Ref. 1-1, NBS Report  10-739. 
Arthur D Little, Inc. 
B .  RECEIVE LOOP OUTPUT DIFFERENTIATED 
D i f f e r e n t i a t i n g  t h e  r e c e i v e d  s i g n a l  and n o i s e  once upon r e c e p t i o n ,  i n  a d d i t i o n  
t o  t h e  d i f f e r e n t i a t i n g  e f f e c t  of t h e  r e c e i v e  l o o p ,  p rov ides  g r e a t e r  emphasis 
t o  t h e  h i g h e r  f r e q u e n c i e s  of t h e  n o i s e  and s i g n a l  s p e c t r a .  
1. S i g n a l  and Noise 
The RMS s i g n a l - t o - n o i s e  r a t i o  may t h e n  b e  w r i t t e n  
where 
*rms 
= f  h (harmonic n o i s e )  
4 -2N f 
= N~ [I f  e 2 d f I1 l2  (broadband n o i s e  of t h e  t y p e  (14) 
cons idered  b e f o r e )  
(a )  Transmi t t ed  S i m a l  as i n  Chapter  I 
We w i l l  assume t h a t  t h e  o r i g i n a l  t r a n s m i t t e d  s i g n a l  is  t h e  l / f  
approximat ion t o  t h e  v o i c e  spectrum,  s o  t h a t  
S I A ~  
C . SIGNAL-TO-NOISE RATIO CALCULATIONS 
C a l c u l a t i o n s  of t h e  s i g n a l - t o - n o i s e  v o l t a g e  r a t i o  f o r  examples of t h e  
s i t u a t i o n s  d i s c u s s e d  above a r e  p resen ted  i n  Table  4-4 ( o  = mhos/meter) .  
The v a l u e s  of t h e  c o n s t a n t s  S o ,  S1, and S2 a r e  chosen s o  t h a t  t h e  RMS c u r r e n t ,  
and t h e r e f o r e  power, i n t o  t h e  w i r e  an tenna  i s  e q u a l  t o  i t s  v a l u e s  i n  Chapter  I 
under  t h e  same n o i s e  c o n d i t i o n s .  These were c a l c u l a t e d  t o  y i e l d  an RMS s i g n a l -  
to -no i se  magnet ic  f i e l d  r a t i o  of 4 (16 i n  terms o f  power o r  12db) .  F i g u r e  4-1 
shows t h e  e f f e c t  of r e c e i v e  loop d i f f e r e n t i a t i o n  on t h e  e a r t h  a t t e n u a t i o n  
response  and on an example of a broadband n o i s e  spectrum.  F i g u r e  4-2 demons t ra tes  
t h e  shape  of t h e  o r i g i n a l  and d i f f e r e n t i a t e d  v o i c e  s p e c t r a  a s  t r a n s m i t t e d  and 
r e c e i v e d  a t  one s e l e c t e d  mine d e p t h ,  keep ing  t h e  power f e d  i n t o  t h e  an tenna  
c o n s t a n t  . 
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p- Band -4 
4 O =  looof 
( 1 A )  Receive L o o p  Response Appl ied t o  Ear th  A t tenua t i on  Response 
(1B)  Receive L o o p o u t p u t  
( f o r  1 / f  voice spectrum inpu t )  
L  300' 





* L inco ln  M i n e  
Impulsive Noise (Fig.  30, Bensema) 
I  I 1  I  1  I I l l  I  I I I  I  I l l .  
1 0 0  1 0 0 0  10,000 
Frequency, Hz 
FIGURE 4-1 EFFECTS OF RECEIVE LOOP DIFFERENTIATION ON THE EARTH ATTENUATION 
RESPONSE AND ON A BROADBAND NOISE SPECTRUM, One-Turn Receive Loop, 
Area 1 ~ e t e r ~ ,  Long-Wire Transmit Antenna, 1 amp. Current, a = mhoslmeter 
*.- 




Original Voice Spectrum - Transmitted Signal 
f1 Spectra: 
Differ. I x  - _ - - - Shape and Relative 
- Amplitude (equal 
total antenna 
/ f-l power) 
Differ. 2x / 0 - 
- 
0 f1 Receive Loop 
N O ,  f0 Signal Spectra: 
0- - 
- 
- 1 -  _*_ 




D = 600 f t .  / 0' f - l  0 
/ 
0 ' O  
0 ' O  
- 
- Received Noise Spectrum Shape 
+ I I I I I I I l l  I I I I I I l l  
FIGURE 4-2 SHAPES OF ORIGINAL AND TRANSMITTED VOICE SPECTRA 
DOWNLINK: WIRE ANTENNA, o = mholmeter 
Arthur D L~ttle Inc 
D. DISCUSSION 
The r e s u l t s  shown i n  Table 4-4 i n d i c a t e  t h a t  i n  deep mines o r  ove r  long  
through-the-earth communications pa th s ,  t h e r e  i s  no th ing  t o  be ga ined ,  
and indeed something t o  be l o s t  by d i f f e r e n t i a t i o n  e i t h e r  b e f o r e  t r a n s -  
miss ion o r  upon r e c e p t i o n  o r  bo th .  On t h e  o t h e r  hand, a t  l e s s e r  mine 
dep ths  (300-600 f e e t ) ,  t h e  s igna l - to -no ise  r a t i o  is inc rea sed  s i g n i f i c a n t l y  
by d i f f e r e n t i a t i o n  bo th  b e f o r e  t ransmiss ion  and upon r ecep t ion .  Hence, 
under t h e s e  c i rcumstances ,  i t  may be p o s s i b l e  t o  use  d i f f e r e n t i a t i o n  t o  
reduce power requirements  f o r  communications, and t hus  use  l e s s  expensive 
c o m u n i c a t i o n s  gea r  t han  would o therwise  b e  t h e  case .  It should b e  
po in ted  ou t  t h a t  t h e  depth a t  which d i f f e r e n t i a t i o n  w i l l  l o s e  i t s  e f f e c -  
t i v e n e s s  w i l l  be  a f u n c t i o n  of t h e  conduc t iv i t y  of t h e  overburden, which 
i n  t h e s e  c a l c u l a t i o n s  ha s  been f i x e d  a t  mhoslmeter. 
Thus f a r  i n  t h e  d i s cus s ion ,  i t  has  been assumed t h a t  t h e  t o t a l  s i gna l - t o -  
n o i s e  r a t i o  over  t h e  voiceband is t h e  measure of "goodness" o r  i n t e l l i g -  
i b i l i t y  of a rece ived  v o i c e  s i g n a l .  I n  f a c t  t h e  i n t e l l i g i b i l i t y  of  a 
vo i ce  s i g n a l  is a somewhat more s u b t l e  and complex phenomenon than  can 
be  expla ined  by t h i s  s t r a i g h t f o r w a r d  c r i t e r i o n .  I n  t h e  work immediately 
fo l lowing  we d e s c r i b e  and e v a l u a t e  i n d i c i e s  of t he  i n t e l l i g i b i l i t y  of  
speech which enab l e  more r e a l i s t i c  e s t i m a t e s  of  t h e  e f f e c t i v e n e s s  of a 
vo i ce  communications system t o  be genera ted .  
. ,.', 
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V. INTELLIGIBILITY OF THROUGH-TAE-EARTR ELECTROMAGNETIC COMMUNICATIONS 
TO NINl3S (DOWNLINK) 
Previous work i n  t h i s  r epor t  has  presented ca lcu la t ions  of t h e  est imated power 
requ i rements  f o r  through-the-ear th  e1ect:romagnetic communications sys tems f o r  
v a r i o u s  n o i s e  c o n d i t i o n s  and mine s i t u a t i o n s ,  u s i n g  t h e  s i m p l e  c r i t e r i o n  of  a  
12 dB speech s i g n a l - t o - n o i s e  r a t i o  a c r o s s  t h e  voiceband of  500 t o  3,000Hz a s  
an i n d i c a t o r  of "accep tab le  q u a l i t y "  of connnunication. However, t h e  s i g n a l - t o -  
n o i s e  r a t i o  does  n o t  p r o v i d e  a  meaningful  index  t o  t h e  i n t e l l i g i b i l i t y  of 
speech t o  b e  expec ted  under  widely  d i f f e r i n g  n o i s e  c o n d i t i o n s .  For example,  
h igh  n o i s e  i n t e n s i t i e s  above a  c e r t a i n  l e v e l  produce a  p r o p o r t i o n a t e l y  g r e a t e r  
degree  of masking; a l s o  masking a t  any one p o i n t  on t h e  f requency s c a l e  can b e  
a f f e c t e d  by bands of n o i s e  a t  h i g h e r  o r  lower f r e q u e n c i e s .  Hence, i n  d e s i g n i n g  
a  v o i c e  communication sys tem,  i t  is e s s e n t i a l  t o  u s e  a more broadly-based 
c r i t e r i o n  f o r  i n t e l l i g i b i l i t y ,  o r  t h e  e x t e n t  t o  which l i s t e n e r s  c o r r e c t l y  per-  
c e i v e  t h e  i n t e n d e d  messages. S ince  t h e  p e r c e p t i o n  of  speech i s  a  p s y c h o l o g i c a l  
problem, p r e c i s e  q u a n t i t a t i v e  p rocedures  cannot  p rov ide  f o r  a l l  p o s s i b i l i t i e s  
i n  communications sys tems .  N e v e r t h e l e s s ,  by a p p r o p r i a t e  t e s t  p rocedures ,  good 
r e s u l t s  can b e  o b t a i n e d  f o r  most communi.cations sys tems on t h e  e f f e c t s  of a  
number of  sys tem paramete rs .  
A. BACKGROUND 
A common procedure  i s  t o  measure t h e  p e r c e n t a g e  of words o r  i n d i v i d u a l  speech 
sounds u t t e r e d  by a  t a l k e r  which a r e  p e r c e i v e d  c o r r e c t l y  by most l i s t e n e r s ,  
u s i n g  f o r  example,  a  set of p h o n e t i c a l l y  ba lanced  word l i s t s .  The p e r c e n t a g e  
of words h e a r d  c o r r e c t l y  i s  termed p e r c e n t  word a r t i c u l a t i o n .  
From t h e  r e s u l t s  o b t a i n e d  i n  such  exper iments  and i n f o r m a t i o n  on t h e  n a t u r e  o f  
speech and h e a r i n g ,  i t  h a s  been p o s s i b l e  t o  deve lop  methods f o r  computing from 
a c o u s t i c a l  measurements a  measure t h a t  i s  h i g h l y  c o r r e l a t e d  w i t h  t h e  i n t e l l i -  
g i b i l i t y  of  speech a s  e v a l u a t e d  by speech p e r c e p t i o n  tests. This  measure,  t h e  
A r t i c u l a t i o n  Index (AI) i s  a weighted f r a c t i o n  which r e p r e s e n t s ,  f o r  a  g iven  
speech channe l  and n o i s e  c o n d i t i o n ,  t h e  e f f e c t i v e  p r o p o r t i o n  of t h e  normal 
speech s i g n a l  which i s  a v a i l a b l e  t o  a  l i s t e n e r  f o r  conveying speech i n t e l l i -  
g i b i l i t y .  The A 1  i s  computed from measurements o r  e s t i m a t e s  of t h e  speech 
spectrum and of  t h e  e f f e c t i v e  masking spectrum o f  n o i s e  t h a t  may b e  p r e s e n t  
a t  t h e  e a r  o f  t h e  l i s t e n e r .  
S e v e r a l  methods a r e  a v a i l a b l e  f o r  c a l c u l a t i n g  A I ,  t h e  most a p p r o p r i a t e  one b e i n g  
dependent upon t h e  p a r t i c u l a r  s i t u a t i o n  b e i n g  e v a l u a t e d .  A I ' s  g i v e  r e a s o n a b l e  
p r e d i c t i o n s  o f  t h e  e f f e c t s  of  broadband con t inuous  spectrum n o i s e ,  and of bands 
of n o i s e  a s  narrow a s  200 Hz, i n  t h e  f requency range  from about  200Hz t o  6kHz. 
When t h e  n o i s e  i s  n o t  s t e a d y  s t a t e ,  b u t  its "duty cyc le"  o r  " b u r s t i n e s s "  is  
known, c o r r e c t i v e  f a c t o r s  may b e  a p p l i e d  t o  t h e  A 1  computed a s  i f  t h e  n o i s e  were 
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s teady  s t a t e .  A I ' s  may be  converted t o  est imated speech i n t e l l i g i b i l i t y  s co res  
(based p r i n c i p a l l y  upon male t a l k e r s )  by u s e  of Figures-1." It should be noted 
t h a t  no s i n g l e  A 1  va lue  can be s p e c i f i e d  a s  a c r i t e r i o n  f o r  an "acceptablet1 
q u a l i t y  of communications. The e f f i c i e n c y  of communications i s  a func t ion  of 
t h e  messages t o  be t r ansmi t t ed ,  inc luding  t h e  s i z e  of message set, and t h e  
prof ic iency  of t h e  t a l k e r s  and l i s t e n e r s  involved. Furthermore, "acceptable 
q u a l i t y "  must be  e s t a b l i s h e d  i n  terms of minimum l e v e l  of i n t e l l i g e n c e  and 
grade of s e r v i c e ,  which vary from app l i ca t ion  t o  app l i ca t ion .  
A R T I C U L A T I O N  INCLX 
FIGURE 5-1 RELATION BETWEEN Al  AND VARIOUS MEASURES 
OF SPEECH INTELLIGIBILITY (REF. 1) 
Two c r i t e r i a  of a c c e p t a b i l i t y  a r e  presented here :  
( a )  D i sc re t e  word and sentence  i n t e l l i g i b i l i t y  expected, inc luding  
p re se rva t ion  of s u f f i c i e n t  t o n a l  q u a l i t y  t o  permit r ecogn i t i on  
of t h e  p a r t i c u l a r  vo ice  and t r a n s i e n t  emotions of t h e  speaker  
(corresponding e s s e n t i a l l y  t o  pub l i c  te lephone s e r v i c e  requi re -  
ments).  
(b) D i sc re t e  word i n t e l l i g i b i l i t y  i s  d e s i r a b l e ,  b u t  sen tence  
i n t e l l i g i b i l i t y  may be  acceptab le .  Recognition of a p a r t i -  
c u l a r  vo ice  o r  t o n a l  q u a l i t y  is not  e s s e n t i a l .  
C r i t e r i o n  (b) i s  probably c l o s e  t o  t h a t  app ropr i a t e  f o r  mine communications 
systems. 
("K.D. Kryter, J. Acoust. Soc. Am. 34 (1962) 1689-93. 
* References t o  F igures ,  Tables ,  and Equations apply t o  those  i n  t h i s  
Chapter un le s s  o therwise  noted .  
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N a t u r a l l y ,  i t  is  a l s o  p o s s i b l e  t o  measure d i r e c t l y  t h e  i n t e l l i g i b i l i t y  
performance of a given communications system, by a r t i c u l a t i o n  tests 
s i m i l a r  t o  t h e  ones de sc r ibed  above, c a r r i e d  o u t  i n  cond i t i ons  simula- 
t i n g  normal use  of  t h e  communications equipment. These t e s t s ,  because 
o f  uncon t ro l l ab l e  v a r i a b l e s  i n  t h e  environment,  t a l k e r ,  and l i s t e n e r s  
r e q u i r e  very  c a r e f u l  des ign  t o  permi t  a s t a t i s t i c a l  test  f o r  s i g n i f i -  
cance.  
B.  ARTICULATION INDEX: METHOD OF COMPUTATION 
A b a s i c  method f o r  computing A I 1 s  which seems t o  be a p p l i c a b l e  under 
many of t h e  c i rcumstances  r e l e v a n t  t o  c o a l  mine communications is  t h e  
20-band method ( 2 ) .  This  i s  based on measurements o r  e s t i m a t e s  of  t h e  
spectrum l e v e l  of  t h e  speech and n o i s e  p r e s e n t  i n  each of twenty con- 
t iguous  bands of  f r equenc i e s  t h a t  c o n t r i b u t e  e q u a l l y  t o  speech i n t e l -  
l i g i b i l i t y  a t  equa l  s igna l - to -no ise  r a t i o s .  
These bands a r e  g iven  i n  Table 5-1. Note t h a t  t h e  c o n t e n t s  of  t h i s  
t a b l e  and t h e  fo l lowing  d i s cus s ion  r e f e r  t o  male vo i ce s .  
Band No. L imi t s  Mid-Frequency Band No. L imi t s  Mid-Frequency 
1 200 t o  330 cps  270 cps  11 1660 t o  1830 cps  1740 cps  
2 330 t o  430 380 12 1830 t o  2020 1920 
3 430 t o  560 490 13  2020 t o  2240 2130 
4 560 t o  700 6 30 1 4  2240 t o  2500 2370 
5 700 t o  840 770 15 2500 t o  2820 2660 
6 840 t o  1000 920 16 2820 t o  3200 3000 
7 1000 t o  1150 1070 17 3200 t o  3650 3400 
8 1150 t o  1310 1230 1 8  3650 t o  4250 3950 
9 1310 t o  1480 1400 19 4250 t o  5050 4650 
10  1480 t o  1660 15 70 20 5050 t o  6100 5600 
Table 5-1 : Twenty Frequency Bands of  Equal Con t r i bu t i on  
t o  Speech I n t e l l i g i b i l i t y  [from Beranek (3)  ] 
The average speech spectrum ( l / f  approximat ion,  Chapter I )  which h a s  been 
used i n  computations u n t i l  now i s  based on s t a b l e ,  long-term speech 
s p e c t r a  ob ta ined  by i n t e g r a t i o n  over  ~ e r i o d s  of  one minute o r  more. I n  
f a c t ,  t h e  e a r  appears  t o  i n t e g r a t e  over  s h o r t e r  pe r iods  o f  about  1 / 8  s e c .  
( t h e  average d u r a t i o n  of a phoneme). When RMS l e v e l s  a r e  taken over  
1 / 8  s e c .  i n t e r v a l s ,  i t  is  found t h a t  1% of t h e  shor t - te rm RMS va lues  
exceed t h e  long-term RMS va lue  by 12 dB o r  more. Hence, t h i s  va lue  
average RMS p l u s  12dB, is  used t o  r e p r e s e n t  t h e  peak l e v e l s  o f  speech 
which a r e  used i n  computations of  A I 1 s .  
(') N.R .  French and J.C. Ste inbe rg ,  J. Acoust.  Soc. Am. 19  (1949),  90-119. -- 
(3) L .L. Beranek, Proc .  IRE 35 (1947) , 880-890. -
Arthur D Little, Inc. 
The fundamentals of t h e  twenty-band method f o r  A 1  computation a r e  a s  fo l lows ,  
i n  g r e a t l y  s i m p l i f i e d  form ( ~ e f .  1 )  : 
(1) The RMS speech peak spectrum l e v e l  s i g n a l  a t  t h e  l i s t e n e r ' s  
e a r  is  p l o t t e d .  
(2) The spectrum l e v e l  of t h e  s teady  s t a t e  n o i s e  reaching t h e  
l i s t e n e r ' s  e a r  i s  p l o t t e d ,  and t h e  masking spectrum of t h e  
n o i s e  drawn a s  fol lows : 
(a )  Find t h e  extreme right-hand po in t  a t  which a 
h o r i z o n t a l  l i n e  3dB below t h e  maximum of t h e  
n o i s e  spectrum i n t e r s e c t s  t h e  n o i s e  spectrum. 
(b) Drop 57dB v e r t i c a l l y  from t h i s  s t a r t i n g  p o i n t ,  
and then  draw a l i n e  t o  t h e  l e f t ,  s l op ing  
upwards a t  lOdB p e r  octave.  This l i n e  is t h e  
low frequency p a r t  of t h e  masking spectrum. 
(c )  Also draw a l i n e  t o  t h e  r i g h t  from t h i s  p o i n t ,  
f i r s t  h o r i z o n t a l l y  and then downward. The 
l eng th  of t h e  h o r i z o n t a l  po r t i on  of t h i s  l i n e  
and t h e  s l o p e  of i t s  downward po r t i on  depend 
upon t h e  frequency of t h e  s t a r t i n g  p o i n t  and 
t h e  maximum spectrum l e v e l  of t h e  n o i s e  a s  
shown i n  Table 5-2. This  l i n e  r ep re sen t s  t h e  
high frequency p a r t  of t h e  masking spectrum. 
(3) Determine a t  t h e  mid-frequency of each of t h e  twenty frequency 
bands shown i n  Table 5-1 t h e  d i f f e r e n c e  A i n  dB between t h e  
spectrum l e v e l  of t h e  speech peaks and t h a t  of t h e  n o i s e  spectrum 
o r  t h e  masking spectrum, whichever i s  h ighe r .  
I f  A 5 0 ,  s e t  A = 0 .  
I f  A 2 30, s e t  A = 30. 
(4) The a r t i c u l a t i o n  index  i s  given by 
A-A 
C *  ARTICULATION INDEX: SPECIFIC CALCULATIONS 
The above method has  been app l i ed  t o  a few examples of ca se s  prev ious ly  d i s -  
cussed f o r  through-the-earth downlink e lec t romagnet ic  communications t o  mines,  
and t h e  r e s u l t s  are shown i n  F igures  5-2 and 5-3. I n  Figure 5-2, t h e  magnetic 
f i e l d  s i g n a l  was taken t o  be  t h e  speech s i g n a l ,  whereas i n  F igure  5-3 t h e  
r ece ive  loop  v o l t a g e  played t h i s  r o l e .  No low frequency masking s p e c t r a  are 
shown, because they  p l ay  no r o l e  f o r  t h e  Lincoln Mine* n o i s e  spectrum which w a s  
chosen as an example. The high frequency masking s p e c t r a  were drawn under t h e  
a r b i t r a r y  assumption t h a t  t h e  a c t u a l  maximum l e v e l  o f  t h e  n o i s e  sound p re s su re  
would l i e  between 76-85 dB r e  0.0002pbar, a comfortable l i s t e n i n g  l e v e l .  
* Ref. 1-1, NBS Report 10-739. 
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It should be  emphasized t h a t  t h e  optimum o v e r a l l  l e v e l  a t  which t h e  s i g n a l  (and 
no i se )  should be  de l ive red  t o  t h e  l i s t e n e r  has  no t  been considered h e r e .  Thus, 
f o r  example, no n o t i c e  has  been taken of c o r r e c t i o n s  which may have t o  be  app l i ed  
t o  t ake  account of t h e  f a s t e r  r a t e  of i n c r e a s e  i n  t h e  masking e f f e c t i v e n e s s  of 
sound when t h e  band s e n s a t i o n  l e v e l  of t h e  sound exceeds 80dB r e  0.0002 pbar .  
Also no account has  been taken of ambient audio n o i s e  i n  t h e  mine environment,  
( a s  a g a i n s t  t h e  e lec t romagnet ic  n o i s e  considered h e r e  which i s  converted i n t o  
audio n o i s e  by t h e  communications r e c e i v e r )  which may a l s o  a f f e c t  comun ica t ions  
i n t e l l i g i b i l i t y .  
Maximum spectrum l e v e l  
o r  masking l e v e l ,  which- 
Frequency of s t a r t i n g  p o i n t  l oca t ed  i n  S tep  3 
50-800Hz I 800-1600Hz ) 1600-2400Hz 1 2400-3200Hz 1 3200-5200Hz 
a 
Draw from s t a r t i n g  po in t  h o r i z o n t a l  l i n e  t o  r i g h t  f o r  t h i s  number of Hz. 
b 
Draw from right-hand end of h o r i z o n t a l  l i n e  a downward l i n e  t h a t  ha s  t h i s  
s l o p e  i n  dB/octave 
eve r  is  h i g h e r ,  of n o i s e  
a b o v e 0 . 0 0 0 2 p b a r i n d B  
Table 5-2: High-Frequency P a r t  of Masking Spectrum-- 
Upward Spread of Masking (Ref.  1 )  
Ca lcu l a t i ons  of t h e  a r t i c u l a t i o n  index  were c a r r i e d  ou t  f o r  a vo i ce  bandwidth 
of 500-3000Hz. This  corresponds t o  bands 4 through 1 5 ,  p l u s  about h a l f  of 
band 3 and band 16 shown i n  Table  5-1. The ' s fgna l -no ise  spectrum d i f f e r e n c e  A 
was s e t  equa l  t o  zero  f o r  a l l  bands o t h e r  than t h e s e ,  and given h a l f  i t s  a c t u a l  
va lue  a t  500Hz and 3000Hz f o r  t h e  two end 'bands. The a r t i c u l a t i o n  index has  a 
t h e o r e t i c a l  maximum va lue  of 0.65 under t h e s e  cond i t i ons .  
Bb 
The a r t i c u l a t i o n  index was computed f o r  two cases  wi th  equa l  t o t a l  power i n t o  
t h e  t r a n s m i t  w i r e  antenna:  
Case A: l / f  vo i ce  spectrum t r ansmi t t ed  : A 1  = 0.47 
Case B: D i f f e r e n t i a t e d  ( f l a t )  vo i ce  spectrum : A 1  = 0.49 
Aa Bb 
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The a r t i c u l a t i o n  index  i s  e s s e n t i a l l y  unchanged f o r  bo th  ca se s  whether t h e  
magnetic f i e l d  o r  t h e  r e c e i v e  loop v o l t a g e  is  taken  a s  t h e  speech s i g n a l .  I n  
t h e  method of c a l c u l a t i o n  de sc r ibed  above, s i n c e  t h e  r e c e i v e  loop performs 
t h e  same o p e r a t i o n  on bo th  t h e  s i g n a l  and t h e  n o i s e  s p e c t r a ,  t h e  a r t i c u l a t i o n  
index  can on ly  be  changed by d i f f e r e n c e s  i n  t h e  e f f e c t s  of t h e  masking s p e c t r a  
between F igures  5-2 and 5-3. It can be seen  t h a t  t h e  masking spectrum has  on ly  
a small i n f l u e n c e  i n  bo th  s i t u a t i o n s ;  hence?  t h e  a r t i c u l a t i o n  index  i s  n o t  
a f f e c t e d  by t h e  r e c e i v e  loop d i f f e r e n t i a t i o n .  This r e s u l t  would n o t  n e c e s s a r i l y  
ho ld  f o r  a l l  n o i s e  s p e c t r a  of i n t e r e s t .  
I n  bo th  i n s t a n c e s  Case B ( t h e  d i f f e r e n t i a t e d  vo i ce  spectrum) e x h i b i t s  a s l i e h t l v  
U - - J  
g r e a t e r  A 1  than  Case A a l though  i t s  s igna l - to -no ise  r a t i o  over  t h e  vo i ce  band- 
width i s  9.2dB i n  Figure  5-2 ( a s  a g a i n s t  12dB f o r  Case A),  and 11.6dB i n  F i eu re  5-3 
V 
(Case A i s  now down t o  1 l . O d ~ ) .  Hence, i t  i s  c l e a r  t h a t  t h e  A 1  i s  a n o t i c e a b l y  
d i f f e r e n t  c r i t e r i o n  f o r  speech i n t e l l i g i b i l i t y  than  t h e  o v e r a l l  spectrum s i g n a l -  
to-noise  r a t i o .  Tne r e l a t i o n  between A 1  and v a r i o u s  measures of speech i n t e l -  
l i g i b i l i t y  was shown i n  F igure  5-1. 
While no s i n g l e  va lue  of t h e  A 1  can be  s p e c i f i e d  a s  a  c r i t e r i o n  f o r  a ccep t ab l e  
communications, a s  a  rough guide (Ref. 3) a  communications s y s  tem wi th  an A 1  
of l e s s  than  0 . 3  should  be  considered u n s a t i s f a c t o r y  f o r  everyday speech communi- 
c a t i o n s ,  an A 1  of between 0 . 3  and 0.5 should  b e  regarded a s  b a r e l y  accep t ab l e ,  
and an A 1  g r e a t e r  than 0.5 should  b e  r a t e d  a s  s a t i s f a c t o r y .  The c r i t e r i a  of 
a c c e p t a b i l i t y  f o r  mine communications may, of course ,  be  somewhat l e s s  s t r i n g e n t  
than  f o r  "everyday" speech.  
D. SPEECH PEAK CLIPPING 
Sharp,  symmetr ical  speech peak c l i p p i n g  (ampli tude l i m i t i n g ) ,  wh i l e  i t  a f f e c t s  
t h e  q u a l i t y  o r  n a t u r a l n e s s  of speech markedly, does n o t  g r e a t l y  reduce i n t e l l i -  
g i b i l i t y .  I n  f a c t ,  t h e  a r t i c u l a t i o n  s c o r e  of monosyllabic words heard  i n  q u i e t  
a t  a  comfortable  l i s t e n i n g  l e v e l  i s  reduced t o  about 70% even wi th  i n f i n i t e  peak 
c l i p p i n g ,  where t h e  speech has  been reduced t o  a  succes s ion  of r e c t a n g u l a r  waves, 
The va lue  of peak c l i p p i n g  on t r ansmis s ion  can be app rec i a t ed  from two viewpoints :  
( a )  I n  o r d e r  t o  reproduce t h e  speech spectrum f a i t h f u l l y  w i t h ,  say  
X w a t t s  RMS ou tpu t  power, an a m p l i f i e r  ha s  t o  be  capable  of about  
10X o r  more w a t t s  i n  o r d e r  t o  cope w i t h  t h e  peaks of t h e  speech.  
To avoid  t h e  added expense involved ,  i t  is  p o s s i b l e  t o  c l i p  t h e  
speech spectrum and remove t h e s e  peaks,  w i th  e s s e n t i a l l y  no 
e f f e c t  on t h e  average RMS ou tpu t  power, and l i t t l e  e f f e c t  on 
t h e  i n t e l l i g i b i l i t y  of t h e  rece ived  speech.  
(b) A l t e r n a t i v e l y ,  i f  t h e  maximum c a p a b i l i t y  of t h e  a m p l i f i e r  i s  
t o  be used e f f e c t i v e l y ,  t h e  speech can be c l i pped  and then  
pos t -ampl i f ied ,  s o  t h a t  t h e  average RMS power i s  more n e a r l y  
equa l  t o  t h e  peak power. There can then  be a  s i g n i f i c a n t  
i n c r e a s e  i n  t h e  i n t e l l i g i b i l i t y  of t h e  rece ived  speech ,  a t  
t h e  c o s t ,  of cou r se ,  of a  g r e a t e r  o v e r a l l  power requirement .  
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I n  o t h e r  words,  i f  t h e  communica~tion system has  i n s u f f i c i e n t  
ampli tude hand l ing  capac i t y  t o  pass  t h e  peaks of t h e  speech 
wave and s t i l l  prov ide  an adequate  i n t e n s i t y  l e v e l ,  t h e  b e s t  
i n t e l l i g i b i l i t y  is ob ta ined  by c l i p p i n g  o f f  t h e  peaks and 
u s ing  t h e  a v a i l a b l e  power f o r  t h e  remainder of t h e  wave. 
I n t e l l i g i b i l i t y  is very  r e s i s t a n t  t o  peak c l i p p i n g ;  a t  a  comfortable  l i s t e n i n g  
l e v e l ,  95% of monosyl labic  words a r e  heard  c o r r e c t l y  even a f t e r  24dB peak c l i p -  
p ing ,  and 70% of  t h e  words can be  unders tood even a f t e r  i n f i n i t e  peak c l i p p i n g ,  
a s  mentioned above. Grea t e r  c a r e  ha s  t o  ble t aken  i n  e v a l u a t i n g  t h e  e f f e c t s  of 
peak c l i p p i n g  i n  t h e  presence  of s i g n i f i c a n t  amounts of  n o i s e .  I f  t h e  n o i s e  
e n t e r s  t h e  system a t  t h e  t a l k e r ' s  end of t.he l i n e ,  in te rmodula t ion  r e s u l t i n g  
from t h e  non- l inear  c l i p p i n g  c i r c u i t  may h~ave s e v e r e  e f f e c t s  on i n t e l l i g i b i l i t y ;  
on t h e  o t h e r  hand, i f  t h i s  n o i s e  c o n s i s t s  l a r g e l y  of sha rp  p u l s e s ,  t h e  i n t e r -  
a c t i o n  w i l l  b e  more f avo rab l e  s i n c e  t h e  peak c l i p p i n g  can then  g e t  r i d  of  more 
n o i s e  than  speech.  The s i t u a t i o n  w i th  r e s p e c t  t o  s e v e r e  background n o i s e  a t  
t h e  l i s t e n e r ' s  end of t h e  l i n e  can b e  amel iora ted  by peak c l i p p i n g  fol lowed by 
a m p l i f i c a t i o n  s o  t h a t  low l e v e l  p o r t i o n s  of t h e  speech s i g n a l ,  p r ev ious ly  
masked by n o i s e ,  may now b e  hea rd .  Advantages can a l s o  accrue  from peak c l i p p i n g  
upon r e c e p t i o n  i n  s i t u a t i o n s  where n o i s e  picked up a t  t h e  l i s t e n e r ' s  end of t h e  
t r ansmis s ion  l i n k  i s  h igh ly  impuls ive i n  n.ature . 
The i n c r e a s e  i n  i n t e l l i g i b i l i t y  obtainable:  by use of peak c l i p p i n g  ( s i t u a t i o n  
( b ) )  ha s  been c a l c u l a t e d  f o r  t h e  mine comrr~unications cases  cons idered  above. 
F igure  5-4 shows t h e  i n c r e a s e  i n  t h e  long--term o r  average RMS speech l e v e l  a s  
a r e s u l t  of peak c l i p p i n g  and pos t -c l ipp ing  a m p l i f i c a t i o n  which equa t e s  t h e  
c l i pped  and uncl ipped speech waves i n  peak-to-peak ampli tude.  E s s e n t i a l l y ,  
an i n c r e a s e  i n  average t r a n s m i t t i n g  power w i th  no i n c r e a s e  i n  over load  capa- 
b i l i t i e s  buys an i n c r e a s e  i n  i n t e l l i g i b i l i t y .  
AMOUNT OF PEAK-CLIPPING AND POST-CLIPPING AMPLIFICATION IN 0 8  
(PEAK AMPLITUDE DEFINED BY 0 0 0 1  PROBABILITY LEVEL 
I N  DISTRIBUTION OF INSTANTANEOUS AMPLITUDES) 
FIGURE 5-4 INCREASE I N  RMS SPEECH POWER AS A FUNCTION 
OF CLIPPING WHEN CLIPPEC) LEVEL IS RAISED TO 
CLIPPING REFERENCE LEVEL (REF. 1)  
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The e f f e c t  of  t h i s  type  of c l i p p i n g  may be app l i ed  t o  t h e  computations of  
A 1  f o r  c o a l  mine communications d i s cus sed  above. A l l  t h a t  i s  r e q u i r e d ,  
i n  S tep  1 of  t h e  computation p roces s ,  is  t o  add t o  t h e  speech peaks t h e  
i n c r e a s e  i n  t h e  long-term RMS speech l e v e l  a s  de r ived  from Figure  5-4 f o r  
t h e  s e l e c t e d  amount of peak c l i p p i n g  and equa l  pos t -c l ipp ing  a m p l i f i c a t i o n ,  
and then  proceed a s  b e f o r e .  
The r e s u l t s  a r e  shown i n  Table  5-3 f o r  t h e  s i g n a l  and n o i s e  cond i t i ons  of 
F igures  5-2 and 5-3. 
Table  5-3: The E f f e c t s  on Speech I n t e l l i g i b i l i t y  of Peak Cl ipp ing  
w i th  Equal Post-Clipping Ampl i f ica t ion  
No Peak Cl ipp ing  12 dB Peak Clipping 24 dB Peak Clipping 
I n c r e a s e  i n  
Average Power 0  dB 8.5 dB 12.0 dB 
Required 
Case A ( 4 )  c a s e  B Case A Case B Case A Case B 
A r t i c u l a t i o n  - 
Index 0.47;0.47 0.49;0.49 0.64;0.64 0.64;0.64 0.65;0.65 0.65;0.65 
It i s  worth n o t i n g  t h a t  t h e  a r t i c u l a t i o n  index has  reached i t s  t h e o r e t i c a l  
maximum f o r  t h e  500-3kHz bandwidth employed when 24 dB peak c l i p p i n g  is  used.  
However, t h e  minute ga in  i n  speech i n t e l l i g i b i l i t y  ob ta ined  i n  going from 
12 dB t o  24 dB peak c l i p p i n g  i s  c l e a r l y  n o t  worth t h e  e x t r a  3.5 dB i n  average 
power r equ i r ed .  
E  . DISCUSSION 
The r e s u l t s  ob ta ined  from c a l c u l a t i o n s  of  t h e  a r t i c u l a t i o n  index  i n d i c a t e  
t h a t  spectrum shaping  techniques  a r e  n o t  l i k e l y  t o  improve communications 
i n t e l l i g i b i l i t y  s i g n i f i c a n t l y  f o r  deep mines, where power requirements  pose 
t h e  most s e v e r e  problems. They w i l l  probably be  more e f f e c t i v e  i n  sha l lower  
mines,  a s  c a l c u l a t i o n s  of  s igna l - to -no ise  r a t i o s  have a l r eady  i n d i c a t e d  
(Chapter I V  of t h i s  P a r t )  . 
The r e s u l t s  de r ived  h e r e  have,  of course ,  been based on l i m i t e d  n o i s e  d a t a  
a v a i l a b l e  from NBS' measurements i n  mines. Among o t h e r  f a c t o r s ,  no account  
has  been taken  of t h e  "burs t iness"  of e lec t romagnet ic  n o i s e  i n  mines,  n o r  
of t h e  e f f e c t  on i n t e l l i g i b i l i t y  of pure  o r  complex "tones" of n o i s e ,  such 
a s  t hose  c r e a t e d  by harmonics of 6OHz o r  360Hz commonly found i n  mines. 
The l a t t e r  can probably be  reduced t o  a s a t i s f a c t o r y  l e v e l  by use of a  
harmonic r e j e c t i o n  f i l t e r ,  should t hey  have a very  d e l e t e r i o u s  e f f e c t  on 
c o m u n i c a t i o n s  i n t e l l i g i b i l i t y .  A p o t e n t i a l l y  a t t r a c t i v e  design f o r  a  
harmonic r e j e c t i o n  f i l t e r  i s  desc r ibed  i n  t h e  fo l lowing  Chapter V I .  The 
e f f e c t  of  t h e  "bu r s t i ne s s "  of  n o i s e  on i n t e l l i g i b i l i t y  can be  e s t ima ted  
from Figure  5-5 and 5-6, once t h e  necessary  d a t a  have been ga thered .  
(4) Each p a i r  of  r e s u l t s  under Case A ( u n d i f f e r e n t i a t e d  vo i ce  spectrum) o r  
Case B ( d i f f e r e n t i a t e d  vo i ce  spectrum) r e p r e s e n t s  t h e  two s i t u a t i o n s  
where t h e  magnetic f i e l d  ( l e f t )  and t h e  r e c e i v e  loop v o l t a g e  ( r i g h t )  a r e  
t aken  a s  t h e  speech s i g n a l .  No d i f f e r e n c e  i s  obse rvab l e  w i t h i n  t h e  
accuracy of t h e s e  computat ions .  
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Figure 5-5 shows t h e  e f f e c t  on speech i n t e l l i g i b i l i t y  of t h e  duty cycle  
o r  f r a c t i o n  of time t h a t  a  masking no i se  is on, and Figure 5-6 presents  
the  f u r t h e r  co r rec t ion  t h a t  should be appl ied  t o  t h e  A 1  when no i se  
having a d e f i n i t e  on-of f  duty cycle is  present .  
t i v e l y ,  f o r  any f ixed  power t rans-  
mission c a p a b i l i t y ,  peak c l i p -  
ping can s i g n i f i c a n t l y  inc rease  
the  i n t e l l i g i b i l i t y  of t h e  com- 
municat ions  channel. F i n a l l y ,  
peak c l ipp ing  o r  l i m i t i n g  upon 
recept ion  w i l l  be he lp fu l  where 
the  l o c a l  mine electromagnetic  
n o i s e  i s  very impulsive. 
FIGURE 5-6 EFFECTIVE A l  
Showing the effective Al  as a function of the 
frequency with which a masking noise is  
interrupted. The parameter of the curves 
is the corrected Al  calculated on the assumption 
that the masking noise i s  steady-state and then 
adjusted according to Fig. 5-5 for the fraction 
of the time the noise i s  on. (Ref. 1) 
It should be mentioned t h a t  i n  designing a communications system f o r  
acceptable i n t e l l i g i b i l i t y  i n  a  given environment, c a r e f u l  a t t e n t i o n  
must be paid t o  the  e f f e c t  of d i r e c t  audio no i se  reaching t h e  l i s t e n e r ,  
and t o  cons idera t ion  of t h e  optimum o v e r a l l  l e v e l  of sound which should 
be de l ivered  t o  him. 
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V I  . A MEANS FOR OVERCOMING POWER LINE INTERFERENCE 
Through-the-earth e l ec t romagne t i c  communication from t h e  s u r f a c e  t o  miners  
below t h e  s u r f a c e  i n  working a r e a s  of a  mine i s  plagued by t h e  presence  of 
very  s u b s t a n t i a l  amounts of e lec t romagnet ic  n o i s e  i n  t h e  r ece iv ing  a r e a .  
The enormity of t h i s  n o i s e  i s  i l l u s t r a t e d  by t h e  work of Bensema* a t  t h e  
Nat iona l  Bureau of S tandards .  F igure  6-1** i s  taken from ~ e n s e m a ' s  r e p o r t  
and i l l u s t r a t e s  t h e  s p e c t r a l  c h a r a c t e r  of t y p i c a l  in-mine n o i s e .  It i s  
ev iden t  from t h i s  p l o t  t h a t  t h e  l a r g e s t  c o n t r i b u t o r  t o  n o i s e  f o r  t h e  example 
given i s  60 Hz, and i t s  harmonics,  a t  l e a s t  w i t h i n  t h e  baseband vo i ce  r eg ion  
where t h e  p r e sen t  through-the-earth e lec t romagnet ic  communication systems 
o p e r a t e .  For t h i s  reason ,  i t  seems app rop r i a t e  t o  cons ide r  a  means of re -  
j e c t i n g  60 Hz and i t s  harmonics i f  i t  can be done e f f e c t i v e l y  and economi- 
c a l l y .  Re j ec t i on  of power l i n e  harmonics p r e s e n t s  t h e  p o s s i b i l i t v .  d i s -  
cussed i n  p rev ious  Chapters  of t h i s  P a r t ,  of pe rmi t t i ng  a  marked i n c r e a s e  
i n  t h e  i n t e l l i g i b i l i t y  of  through-the-earth vo i ce  communications, o r  of 
a l lowing  a  s u b s t a n t i a l  r educ t i on  i n  t h e  t r a n s m i t t e r  power requirements .  
A.  METHODS TO OVERCOME HARMONICS 
C l a s s i c a l l y  t h e  means f o r  r e j e c t i n g  harmonics of a  s i n g l e  f requency h a s  
been t o  use  a  m u l t i p l e  no t ch  f i l t e r .  These m u l t i p l e  no tch  f i l t e r s  belong 
t o  t h e  c l a s s  known a s  comb f i l t e r s  and have been r e a l i z e d  i n  t h e  p a s t  
l a r g e l y  by m u l t i p l e  tuned s t a g e s  o r  by t h e  use  of de lay  l i n e s ,  which a r e  
a b l e  t o  ach ieve  some degree  of r e j e c t i o n  f o r  s i t u a t i o n s  s i m i l a r  t o  t hose  
encountered i n  mines.  
There is an a l t e r n a t i v e  k ind  of f i l t e r  t h e  theory  of  which is r e l a t i v e l y  
o l d ,  bu t  whose implementation h a s  on ly  r e c e n t l y  become p r a c t i c a l .  The 
form of  t h i s  f i l t e r  i s  i l l u s t r a t e d  i n  F igure  6-2, and comprises a  com- 
muta tor  swi tch ,  a  s e r i e s  of c a p a c i t o r s ,  and one r e s i s t o r .  To make t h i s  
i n t o  a  harmonic r e j e c t i o n  f i l t e r ,  t h e  commutator is caused t o  r o t a t e  once 
p e r  fundamental  c y c l e  of  t h e  harmonic s e t  which i s  t o  be r e j e c t e d .  The 
g e n e r i c  frequency response f o r  such a  f i l t e r  is  shown i n  F igure  6-3. With 
a  s u f f i c i e n t l y  l a r g e  number of swi tches  and c a p a c i t o r s  t o  sample and s t o r e  
t h e  input  waveform, t h i s  m u l t i p l e  no tch  f i l t e r  can be made t o  be  a  n e a r  
i d e a l  r e j e c t o r  of harmonics.  One of t h e  c h a r a c t e r i s t i c s  of importance i n  
t h i s  f i l t e r  is  t h a t  each of t h e  no tches  h a s  t h e  same bandwidth, s o  t h a t  i f  
i t  i s  1 Hz wide a t  t h e  fundamental f requency,  i t  is  s t i l l  1 Hz wide a t  
each harmonic. 
The func t i on ing  of t h i s  f i l t e r  is  made apparent  i n  F igure  6-4 f o r  a  s i g n a l  
which h a s  a  fundamental  p l u s  many harmonics.  Each c a p a c i t o r  i n  t h e  f i l t e r  
s t o r e s  t h e  average va lue  of t h e  waveform t h a t  occurs  i n  t h e  i n t e r v a l  f o r  which 
t h a t  c a p a c i t o r  switch is  c lo sed .  Thus a r e p l i c a  of  t h e  r e p e a t i n g  p a r t  of  t h e  
waveform i s  s t o r e d  on t h e  c a p a c i t o r s ,  and t h e  incoming wave i s  compared t o  t h i s  
* Ref.  1-1, Bensema, W.D., "Coal Mine ELF Noise Measurements", NBS Report 
10-739, 28 A p r i l  1972. 
** References  t o  F igu re s ,  Tables ,  and Equat ions  apply  t o  t hose  i n  t h i s  
Chapter  un l e s s  o therwise  no t ed .  
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s t o r e d  waveform. Since t h e  s t o r e d  waveform i s  a  step-wise approximation t o  
t h e  r e c u r r i n g  p a r t  of t h e  waveform, t h e  only c u r r e n t  t h a t  flows i n  t h e  ou tput  
c i r c u i t  i s  t h a t  caused by f e a t u r e s  of t h e  waveform which depa r t  from i t s  repe- 
t i t i o u s  c h a r a c t e r .  It  can b e  foreseen  t h a t  t h e  s t o r e d  step-wise approximation 
t o  t h e  waveform w i l l  d e t e r i o r a t e  f o r  those  f a i r l y  high-order  harmonics where 
t h e  number of samples s t o r e d  by t h e  corresponding c a p a c i t o r  segments p e r  pe r iod  
of t h e  r e s p e c t i v e  harmonics is low i n  number, say 4 o r  8. Therefore ,  t h i s  har -  
monic notch f i l t e r  i s  n o t  a s  good a  r e j e c t o r  of s i g n a l s  a t  a  h i g h e r  o rde r  har -  
monic as  i t  is  a t  a  lower o rde r  harmonic. 
We c a l c u l a t e d  t h e  r e j e c t i o n  c a p a b i l i t y  for: a  f i l t e r  w i th  8 and 10 s t o r e d  samples,  
o r  segments,  pe r  cyc le  of t h e  harmonic t o  be r e j e c t e d .  Values of 31db f o r  t h e  
10-segment r e p r e s e n t a t i o n ,  and 26db f o r  t h e  8-segment r e p r e s e n t a t i o n  were ob- 
t a ined .  These r e s u l t s  were a r r i v e d  a t  by making a  harmonic a n a l y s i s  of t h e  
step-wise approximation t o  a  s i n e  wave, an.d determining t h e  e r r o r  thereby  in-  
cur red  i n  r ep re sen t ing  t h e  t r u e  i npu t  wave. This  e r r o r  waveform i s  passed 
by t h e  f i l t e r .  A 40-segment breadboard u n i t  was b u i l t  t o  demonstrate f e a s i -  
b i l i t y .  
One of t h e  advantages t h a t  t h i s  f i l t e r  o f f e r s  which makes i t  promising f o r  t h e  
Bureau of Mines communication problem, is  t h a t  t h e  bandwidth of t h e  notch is 
completely c o n t r o l l a b l e  by a d j u s t i n g  only one c i r c u i t  e lement ,  t h a t  i s ,  1 
t h e  s e r i e s  r e s i s t o r .  The c o n t r o l l a b l e  r e j e c t i o n  bandwidth i s  s p e c i f i e d  a s  -- 
where N is  t h e  number of capac i to r  segments i n  t h e  f i l t e r  and R and C a r e  
TNRC ' 
t h e  r e s i s t a n c e  and capac i tance  values  ; and i t  can be t a i l o r e d  t o  t h e  n a t u r a l  
bandwidth of t h e  i n t e r f e r e n c e  s i g n a l s .  The e l e c t r o n i c  implementation of t h e  
commutator swi tch  can a l s o  e a s i l y  be made such t h a t  t h e  f i l t e r  becomes a  t rack-  
i ng  f i l t e r ,  t h a t  t r a c k s  t h e  i n t e r f e r e n c e  fundamental frequency and thereby 
always r e j e c t i n g  t h e  i n t e r f e r e n c e  p r e s e n t ,  i n  s p i t e  of frequency v a r i a t i o n s  of 
t h e  fundamental about i t s  nominal va lue  of 60Hz. Such a  t r ack ing  f e a t u r e  w i l l  
most l i k e l y  be r equ i r ed  f o r  coa l  mine app1: icat ions.  
B . C I R C U I T  IMPLEMENTATION 
Figure 6-5 i l l u s t r a t e s  a  c i r c u i t  diagram of  t h e  breadboard v e r s i o n  of  t h e  f i l t e r  
t h a t  was cons t ruc ted  i n  o rde r  t o  eva lua t e  t h e  f i l t e r ' s  performance. The bread- 
board was a  40-segment design us ing  40 capac i to r s  i n  conjunct ion wi th  40 CMOS* 
analog swi tches .  During ope ra t i on  only one swi tch  a t  a  time is  turned on,  t h e  
s e l e c t i o n  be ing  based on where a  "one" pu l se  is  i n  a  40-bit tw i s t ed  r i n g  s h i f t  
r e g i s t e r .  This  keying is  c o n t r o l l e d  by the  f i v e  74164 8-b i t  s h i f t  r e g i s t e r s  
shown i n  t h e  lower p o r t i o n  of t h e  diagram. A s i n g l e  "one" advances s t a g e  by 
s t a g e  through t h i s  40-bit  s h i f t  r e g i s t e r  i n  accordance w i th  clock pu l se s  app l i ed  
e x t e r n a l l y  t o  t h e  c i r c u i t .  These clock pul-ses occur a t  40 t imes t h e  fundamental 
frequency of r e j e c t i o n  f o r  t h e  f i l t e r .  I n  p r i n c i p l e ,  t h e  ou tputs  from t h e  s h i f t  
r e g i s t e r s  may b e  used d i r e c t l y  t o  c o n t r o l  t h e  analog swi tches  connected t o  t h e  
c a p a c i t o r s .  However, f o r  p r a c t i c a l  reasons we chose t o  use 40 b u f f e r  a m p l i f i e r s  
* CMOS: Complementary Metal Oxide Semiconductor. 































t o  provide t he  15 v o l t  swi tch ing  s i g n a l  t o  t he  CMOS swi tches .  The b u f f e r  
a m p l i f i e r s  a r e  i n d i c a t e d  as  t h e  hex b u f f e r s  #7417. The outputs  from these  
hex b u f f e r s  feed  10 quad swi t ches ,  i . e .  , each of t h e  CD4016E CMOS switches 
has  fou r  elements i n  t h e  package. One s i d e  of each swi tch  i s  f ed  t o  a  
common bus shown te rmina t ing  i n  a  r e s i s t o r  b i a s e d  t o  t h e  15 v o l t  supply.  
The o t h e r  s i d e  of each swi tch  goes t o  i t s  i n d i v i d u a l  c a p a c i t o r ,  then back 
t o  a  common inpu t  l i n e .  The commutating func t ion  of t h e  switch shown i n  
the  e a r l i e r  diagram (Figure 6-2) i s  thus  accomplished by t h i s  c i r c u i t .  The 
breadboard used 30 14-pin dua l  i n - l i ne  i n t e g r a t e d  c i r c u i t  p a c k a ~ e s  t o  
accomplish t h e  r equ i r ed  func t ions .  Th i r t een  of t he se  packages were asso- 
c i a t e d  wi th  t he  b u f f e r  c i r c u i t s  used t o  connect t h e  s h i f t  r e g i s t e r s  t o  
t h e  swi tch ing  elements .  
One of t h e  major c o n t r i b u t o r s  t o  t h e  volume occupies  by t h e  c i r c u i t  was 
t he  bank of 40 equa l  capac i to r s  f o r  waveform s t o r a g e .  The capac i tance  va lue  
of 0.22 vf was chosen l a r g e  enough t o  p r o ~ ~ i d e  q u i t e  a  degree of f l e x i b i l i t y  
i n  s e l e c t i n g  t h e  c i r c u i t  time cons tan t .  The choice of a  s p e c i f i c  c a p a c i t o r  
was made l a r g e l y  on t h e  b a s i s  of cost--not s i z e ,  s o  they were f a i r l y  l a r g e .  
The reason t h a t  t he  ou tput  s i g n a l  i s  b i a sed  t o  a  +7.5 v o l t  r e t u r n  i s  because 
t h e  CMOS switches must have t h e i r  analog i n p u t  s i g n a l  confined t o  t h e  space  
between 0  v o l t s  and t h e  c o n t r o l  vo l t age  of +15 v o l t s  used t o  t u r n  t h e  swi tch  
on. Hence, t h e  r e t u r n  was made midway between these  two vo l t ages  a t  +7.5 
v o l t s .  This ope ra t i on  b i a s e s  t h e  capac i to r s  dur ing  ope ra t i on  b u t  does n o t  
a f f e c t  t he  performance of t h e  c i r c u i t .  The e f f e c t i v e  r e s i s t a n c e  a s s o c i a t e d  
wi th  t h e  c a p a c i t o r  is t h a t  of t h i s  r e t u r n  c i r c u i t ,  and f o r  most t e s t s  i t  was 
s e t  a t  10,000 ohms. 
TESTS AND RESULTS 
Figure 6-6 i l l u s t r a t e s  i n  block diagram form t h e  equipment assembled f o r  t e s t -  
i n g  t h e  f i l t e r .  The most i n t e r e s t i n g  tes t :  was t h a t  done t o  determine t h e  
depth of t he  notches a s  a  func t ion  of harmonic number. For t h i s  t e s t ,  a  
2000 Hz square  wave was used t o  program t h ~ e  commutator. This  means t h a t  
t h e  commutator r o t a t e d  a t  a  50 Hz r a t e .  F i f t y  Hz was chosen t o  a s s u r e  
t h a t  60 Hz pickup d i d  n o t  p r e s e n t  problems. The output  of t h e  f i l t e r  was 
passed through a  Krohn-Hite f i l t e r  p r i o r  t.o measurement s o  t h a t  t h e  out-of- 
band contamination produced by swi tch ing  t r a n s i e n t s  would n o t  i n t e r f e r e  wi th  
t h e  in-band measurements. 
The p l o t  of Figure 6-7 i l l u s t r a t e s  t he  depths  of no tches  as a  func t ion  of har-  
monic number. Also shown on t h i s  p l o t  a r e  two computed p o i n t s  der ived  a s  
d i scussed  e a r l i e r ,  and t h e  depth of notches t h a t  would be experienced f o r  
f i l t e r s  conta in ing  l a r g e r  numbers of segments. It i s  seen from these  p l o t s  
t h a t  r e j e c t i o n  of harmonics can b e  i n  excess  of 40 db, and t h a t  t h i s  r e j e c -  
t i o n  i s  c o n t r o l l e d  by t h e  number of segments used i n  t h e  f i l t e r ,  thereby 
provid ing  t h e  a b i l i t y  t o  t a i l o r  t h e  design t o  des i r ed  r e j e c t i o n  l e v e l s .  
Arthur D Little, Inc. 




















































Figure 6-8 i l l u s t r a t e s  an expanded ve r s ion  of t h e  t r ansmis s ion  frequency re- 
sponse around t h e  f o u r t h  harmonic notch.  The r e s u l t s  of t h e s e  t e s t s  c l e a r l y  
i n d i c a t e  t h a t  t h i s  harmonic r e j e c t i o n  f i l t e r  can be used f o r  t h e  purpose of 
r e j e c t i n g  harmonics i n  a  mine communication system. 
One of t h e  unresolved ques t ions  a t  t h e  time we s t a r t e d  cons t ruc t i on  of t h i s  
c i r c u i t  was what would happen t o  vo ice  s i g n a l s  when passed through such f i l -  
t e r s  w i th  t h e  notch bandwidths we used. We found, upon t e s t  of running vo i ce  
s i g n a l s  through t h e  f i l t e r  i n  t he  absence of i n t e r f e r i n g  s i g n a l s  and record- 
i n g  t h e  r e s u l t s ,  t h a t  vo i ce  q u a l i t y  was preserved  remarkably w e l l .  One fea-  
t u r e  noted by paying c a r e f u l  a t t e n t i o n  t o  t he  q u a l i t y  of t he  vo i ce  was a  very  
f a i n t  echo i n  t h e  vo ice  s i g n a l s  coming ou t  of t h e  f i l t e r .  This  is  a s  expected.  
I n  o r d e r  t o  p rov ide  q u a l i t a t i v e  eva lua t i on  of t he  r e j e c t i o n  c a p a b i l i t i e s  of 
t h e  f i l t e r ,  square  waves of i n t e r f e r e n c e  were app l i ed  t o  t h e  i n p u t  of t h e  
f i l t e r  and combined w i th  vo i ce  s i g n a l s  a r r i v i n g  from a microphone. A VCO 
(vo l t age  c o n t r o l l e d  o s c i l l a t o r )  was used t o  cause t h e  f i l t e r  t o  synchronize 
w i t h  t he  i n t e r f e r i n g  s i g n a l .  Recordings were made of t h e  u n f i l t e r e d  and 
f i l t e r e d  v e r s i o n s  of  t h e  waves, which demonstrate  t h e  dramat ic  improvements 
i n  vo i ce  r ecep t ion  provided by t h e  harmonic r e j e c t i o n  f i l t e r .  
D .  EXTENSIONS OF WORK 
There a r e  s e v e r a l  ex tens ions  of t h e  b a s i c  work which could be  done t o  a i d  i n  
improving mine communications. F i r s t  of a l l ,  a  VCO and phase-lock loop  could 
be f a b r i c a t e d  and added t o  t h e  c i r c u i t  t o  demonstrate t h e  f e a s i b i l i t y  of pro- 
ducing a  t r a c k i n g  v e r s i o n  of t h e  f i l t e r .  Secondly,  a  f i l t e r  w i th  more seg-  
ments t o  p rov ide  h i g h e r  r e j e c t i o n  of t h e  h ighe r  o rde r  harmonics could be  
assembled and t e s t e d .  Th i rd ly ,  t h e r e  i s  t h e  d i s t i n c t  p o s s i b i l i t y  t h a t  i n  
terms of s i z e  and power consumption, an a l l - d i g i t a l  ve r s ion  may have s i g n i -  
f i c a n t  promise. Such a  v e r s i o n  would be e a s i e r  t o  implement i n  a  Large Sca l e  
I n t e g r a t e d ,  LSI , v e r s i o n  than  would be  t h e  hyb r id  a n a l o g l d i g i t a l  system re-  
p r e sen t ed  by t he  p r e s e n t  breadboard. A poss . ible  block diagram f o r  an a l l -  
d i g i t a l  v e r s i o n  is  i l l u s t r a t e d  i n  F igure  6-9. The advantage of  t h e  a l l - d i g i t a l  
v e r s i o n  a r i s e s  from t h e  f a c t  t h a t  one o f  t h e  most s i g n i f i c a n t  volume elements  
of t h e  p r e s e n t  c i r c u i t ,  LSI ve r s ion  inc luded ,  i s  t h e  bank of s t o r a g e  c a p a c i t o r s .  
Since s t o r a g e  c a p a c i t o r s  would have t o  be e x t e r n a l  elements i n  an LSI ve r s ion  
of t h e  hyb r id  c i r c u i t ,  they would even l i m i t  t h e  a t t r a c t i v e n e s s  of t h i s  concept 
somewhat. 
E . CONCLUSIONS 
The hyb r id  commutator-type f i l t e r  has  been demonstrated t o  be  an e f f e c t i v e  
r e j e c t o r  of harmonic s i g n a l s .  This  e f f e c t i v e  r e j e c t i o n  i s  accomplished with-  
o u t  a l t e r i n g  s i g n i f i c a n t l y  t h e  q u a l i t y  of t h e  vo ice  which i s  d e s i r e d  t o  b e  
passed through t h e  f i l t e r .  I n  those  cases  where t h e  n o i s e  environment i s  
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dominated by harmonic components, t h e  use. of t h i s  f i l t e r  can s i g n i f i c a n t l y  
decrease  t h e  amount of t r a n s m i t t e r  power r equ i r ed  t o  achieve r e l i a b l e  v o i c e  
communications through-the-ear th .  For example, i n  t h e  case  of a harmonic 
f i l t e r  t h a t  reduced a l l  harmonic components by an equa l  amount of s a y  Rdb, 
t h e  t r a n s m i t t e r  power requirement  would a l s o  be  reduced by t h e  same Rdb. 
I n  t h e  case  of t h e  harmonic f i l t e r  descri .bed i n  t h i s  r e p o r t ,  t h e  improve- 
ment could be w e l l  i n  excess  of  t h e  minimum r e j e c t i o n  provided by t h e  
h i g h e s t  harmonic t o  b e  r e j e c t e d  i n  t h e  vo ice  band of i n t e r e s t .  
Arthur D Little, Inc 
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PART THREE 
LEAKY COAXIAL CABLE FOR GUIDED WIRELESS 
MINE COMMUNICATION SYSTEMS 
Coaxial  c ab l e  s t r u c t u r e s  form t h e  s u b j e c t  of s u b s t a n t i a l  t h e o r e t i c a l  
and exper imenta l  i n v e s t i g a t i o n s  e i t h e r  d i r e c t l y  r e l a t e d ,  o r  which can be  
e x t r a p o l a t e d ,  t o  t h e  communications needs and environments of  U.S. c o a l  
mines. Communication s y s  tems based on "guided" waves, of which "leaky" 
c o a x i a l  c a b l e s  a r e  one implementat ion,  a r e  a t t r a c t i v e  cand ida t e s  f o r  
p rov id ing  a range of communication func t i ons  p r i m a r i l y  a long  haulage ways, 
and p o s s i b l e  a l s o  w i t h i n  s e c t i o n s  up t o  t h e  working f a c e .  (However, t h e r e  
a r e  s t i l l  s t r o n g  r e s e r v a t i o n s  as t o  whetlher a  p r a c t i c a l  c o a x i a l  c a b l e  
s y s  tem could prov ide  s u f f i c i e n t  communic,ations coverage w i t h i n  a  s e c t i o n .  ) 
I n  t h i s  P a r t ,  w e  p r e s e n t  t h e  r e s u l t s  of some t h e o r e t i c a l  c a l c u l a t i o n s  of 
t h e  performance of l eaky  c o a x i a l  c a b l e  c o m u n i c a t i o n  systems. W e  a l s o  
ana lyze  t h e  a p p l i c a b i l i t y  of t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  
ob ta ined  by o t h e r  r e s e a r c h e r s  t o  t h e  neelds of U.S. c o a l  mines. I n  par- 
t i c u l a r ,  t h i s  i n v e s t i g a t i o n  ha s  been focused on t h e  u t i l i t y  of  r e l a t i v e l y  
low c o s t ,  convent iona l ,  f l e x i b l e ,  c o a x i a l  c ab l e  a t  f r equenc i e s  cover ing  
t h e  LF through HF bands and ex tending  i n t o  t h e  lower p a r t  of t h e  VHF band, 
as opposed t o  r e l a t i v e l y  h igh  c o s t ,  s p e c i a l  semi- r ig id ,  c o a x i a l  cab le*  a t  
f r equenc i e s  i n  t h e  VHF and UHF bands. 
There are t h r e e  major de s ign  a l t e r n a t i v e s  f o r  c o a x i a l  c ab l e  commun- 
i c a t i o n  systems considered i n  t h i s  chap t e r :  
a Base s t a t i o n  f eed ing  a c o a x i a l  c ab l e  w i th  h igh  s u r f a c e  t r a n s f e r  
impedance (ho les  i n  o u t e r  conductor ,  e .g . ,  b r a i d  c o n s t r u c t i o n ) .  
a Base s t a t i o n  f eed ing  a c o a x i a l  c ab l e  w i t h  r e p e a t e r s  (U.K. 
exper iments ) .  
a No base  s t a t i o n ,  d i r e c t  communication v i a  a c o a x i a l  c ab l e  w i th  
p e r i o d i c  r a d i a t i v e  s t r u c t u r e s .  
* The u t i l i t y  of s p e c i a l  Radiax T.M. cab l e  i n  t h e  UHF band i s  t r e a t e d  i n  
a  paper  coauthored by R. Lagace of ADL and H. Parkinson of PMSRC, and 
publ i shed  i n  U.S. Bureau of Mines Informat ion  C i r c u l a r  No.8635, and i n  
P a r t  E igh t  of t h i s  Volume. 
Arthur D Little, Inc 
Our d iscuss ion  of t h e  l a t t e r  two a l t e r n a t i v e s  c o n s i s t s  p r imar i ly  of 
desc r ip t ions  of t h e  progress  and r e s u l t s  achieved i n  Europe. I n  t h e  f i r s t  
ca se ,  which i s  t h e  s imples t  i n  the  sense of requirFng no s p e c i a l  devices 
added t o  t h e  coaxia l  cable ,  we have analyzed t h e  performance t h a t  can be 
hoped f o r  based on s impl i f i ed  t h e o r e t i c a l  models. 
I. APPLICATION OF LEAKY COAXIAL CABLE COMMUNICATION SYSTEMS 
The communication funct ion  f o r  which coax ia l  cable s t r u c t u r e s  a r e  
being considered i s  f i r s t  and foremost: 
a Two-way communication along main haulage ways up t o  4-5 miles  
long,  t o  veh ic l e s  and t o  key ind iv idua l s  on-the-move. 
A l e s s  l i k e l y  app l i ca t ion  involves:  
a Two-way communication i n  s e c t i o n s  up t o  working f a c e s ;  a l l  
e n t r i e s  nea r  t h e  working face  should be covered, but  poss ib ly  
only a l i m i t e d  po r t ion  of those a t  o r  near  main haulage ways. 
Communication with roving personnel a t  up t o  3,000 f e e t  away 
from main haulage ways needs t o  be e s t ab l i shed .  More than one 
kind of working face  must be d e a l t  wi th ,  i . e . ,  room and p i l l a r  
(predominant i n  the  U.S .) and longwall.  
A major disadvantage of conventional f l e x i b l e  coax ia l  cable  s t r u c t u r e s  
i n  t h e  l a t t e r  app l i ca t ion  a r i s e s  from t h e i r  seeming i n a b i l i t y  t o  provide 
communications coverage a t  more than 10 t o  20 meters l a t e r a l  d i s t ance  from 
t h e  cable  i n  t h e  above mentioned frequency bands which a r e  s u i t a b l e  f o r  use 
wi th  these  cables .  Thus i n  o rde r  t o  provide wide a r e a  communications 
coverage wi th in  t h e  network of tunnels  i n  a coa l  mine s e c t i o n ,  i t  would be  
necessary t o  s t r i n g  cables  along most of them. There a r e  however severe  
p r a c t i c a l  and economic obs t ac l e s  t o  s t r i n g i n g  a l l  t h i s  cable  i n  t h e  con- 
t i n u a l l y  changing geography of a s e c t i o n .  Hence the  major i ty  of t h e  remarks 
and analyses described i n  t h i s  chapter  a r e  d i r ec t ed  towards t h e  primary 
app l i ca t ion  of e s s e n t i a l l y  l o n g i t u d i n a l  communication along haulage ways. 
.* 
Arthur D Little, lnc. 
I1 . THEORETICAL CALCULAlCIONS OF PERFORMANCE 
OF LEAKY COAXIAL CABLE C(IMM[MICATION SYSTEMS 
This s e c t i o n  descr ibes  the  methods and r e s u l t s  of ca l cu la t ions  of 
the  leakage of electromagnetic  energy from coaxia l  cable s t r u c t u r e s .  
These ca lcu la t ions  were performed t o  give prel iminary es t imates  of the  
optimum design of induct ive ly  coupled communication systems based on 
p a r t i a l l y  sh ie lded  transmission l i n e s ,  and t o  suggest t h e  experimental 
d a t a  needed t o  confirm o r  modify e x i s t i n g  theor i e s  of t h e i r  opera t ion .  
The s i t u a t i o n s  considered include the  behavior of f i e l d s  i n  an a i r  
ou te r  medium using a s o l i d  wa l l  s h i e l d  model approximation, and an i d e a l l y  
conducting b r a i d  s h i e l d  model. 
Electromagnetic f i e l d s  i n  and around coaxia l  l i n e s  can be ca lcu la t ed  
using the  s imples t  a v a i l a b l e  geometrical model (Figure 1 ) .  The following 
assumptions a r e  made: 
1 )  A s  t h e  ou te r  s h i e l d  of t h e  coaxia l  l i n e  i s  made s l i g h t l y  "trans-  
parent" t o  the  elctromagnetic  f i e l d s ,  t h e  i n s i d e  f i e l d s  ( i n  
Regions 1 and 2) a r e  not  a f f ec ted  d r a s t i c a l l y ;  hence the  e r r o r  
introduced by using t h e  "opaque" s h i e l d  f i e l d  d i s t r i b u t i o n  
i n s i d e  w i l l  be neg l ig ib le .  
2) The a x i a l  a t t enua t ion  of t h e  f i e l d ,  although always non-zero, i s  
small  enough t h a t  i t s  e f f e c t  on t h e  r a d i a l  components kr of t h e  
propagation vector  i s  neg l ig ib le .  
3) A l l  four  regions a r e  non-magnetic, i . e . ,  ~1 = ~2 = ~3 = vo. 
This  i s  not  a s i g n i f i c a n t  r e s t r i c t i o n  on the  ma te r i a l s  of t h e  
co x i a l  cable  i n -  the  frequency range of i n t e r e s t  (roughly 105- 8 10  Hz). 
Arthur D Little, Inc. 
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FIGURE 1 CHARACTERISTIC QUANTITIES AND DIMENSIONS ASSOCIATED WITH 
A FOUR REGION COAXIAL LINE GEOMETRY 
- 
Arthur D Little Inc 
The mathematical  formalism of  t h e  wave t h e o r e t i c a l  a n a l y s i s  s tarts 
from t h e  wave equa t ion  f o r  t h e  v e c t o r  p o t e n t i a l  f o r  a  four-region system 
( 3  concen t r i c  c y l i n d r i c a l  boundary surfaices w i t h  r a d i i  a ,  b ,  c ) .  The 
t ransmiss ion  l i n e  i s  s t r a i g h t ,  i n f i n i t e1 :y  long ,  and uniform, and i t s  
c ros s - s ec t i ona l  dimensions a r e  neg1igibl .y  sma l l  w i th  r e s p e c t  t c  t h e  wave- 
l e n g t h  of t h e  s i g n a l s .  There a r e  s i x  boundary cond i t i ons ,  s i n c e  t h e  
t a n g e n t i a l  components of t h e  e l e c t r i c a l  <and magnetic f i e l d  i n t e n s i t i e s  
a r e  cont inuous a c r o s s  each of t h e  t h r e e  Iboundaries. W e  assume a c o a x i a l  
l i n e  o p e r a t i n g  i n  a TEM mode. 
The o u t e r  s h i e l d  of t h e  c o a x i a l  calble does n o t  p rov ide  complete 
s h i e l d i n g  a t  low f r equenc i e s ,  b u t  i n  f a c t  a l lows  a  more-than-adequate 
f i e l d  t o  propagate  as a loosely-bound s u r f a c e  wave a long  t h e  o u t s i d e  
of t h e  cab l e .  The wave phase v e l o c i t y  o.f t h e  c a b l e ,  and t h e r e f o r e  t h e  
degree  t o  which t h e  e x t e r n a l  f i e l d  i s  coinfined t o  t h e  v i c i n i t y  of t h e  
c a b l e ,  can be a d j u s t e d  by changing t h e  cab l e  i n t e r n a l  d i e l e c t r i c  cons t an t .  
The h i g h e r  t h e  d i e l e c t r i c  c o n s t a n t ,  t h e  more confined t h e  e x t e r n a l  f i e l d .  
Coaxial  c a b l e  a l s o  a s s u r e s  t h a t  f i e l d  behavior  w i l l  be  r e l a t i v e l y  insen-  
s i t i v e  t o  t h e  sur rounding  p h y s i c a l  environment,  s i n c e  most of t h e  power 
is t r a n s p o r t e d  i n s i d e  t h e  cab l e .  The i n s e n s i t i v i t y  t o  t h e  e x t e r n a l  
environment n o t  only s i m p l i f i e s  a n a l y s i s ,  bu t  i s  an advantageous,  i f  n o t  
i nd i spensab l e ,  c h a r a c t e r i s t i c  of t h e  cab l e ,  p a r t i c u l a r l y  i n  t hose  app l i ca -  
t i o n s  where t h e  communications c o r r i d o r  may be s t rewn wi th  l a r g e  me ta l  
o b j e c t s  and con t a in  s e v e r a l  bends o r  co rne r s .  
A. S o l i d  Sh i e ld  Model 
The e x t e r n a l  f i e l d s  can be analyzed us ing  a s o l i d  c y l i n d r i c a l  
s h i e l d  model, s i n c e  b r a ided  s h i e l d s  appear  s o l i d  below about  5  MHz. (1)  
K. I k r a t h ,  " ~ e a k a g e  of Electromagnet ic  Energy from Coaxial  Cable 
S t r u c t u r e s " ,  U. S. Army S igna l  Research and Development Laboratory,  
Fo r t  Monmouth, N .  J . ,  USASRDL Tech. Dept. 1964 (1958). 
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The n a t u r e  of t h e  e l ec t romagne t i c  wave f i e l d s  e x t e r n a l  t o  a long  l eng th  
of  d i e l e c t r i c - f i l l e d  c o a x i a l  c a b l e  p laced  i n  an a i r  medium i s  descr ibed  
below. The f i e l d  equa t ions  r e p r e s e n t  an e x t e r n a l  s u r f a c e  wave propaga- 
t i n g  i n  t h e  p o s i t i v e  a x i a l  (z) d i r e c t i o n .  The e x t e r n a l  wave has  two 
e l e c t r i c  f i e l d  components E r ,  E Z ,  and one c i r c u m f e r e n t i a l  magnetic 
f i e l d  component H + ,  a l l  c i r c u l a r l y  symmetric about t h e  z -ax is .  
where t h e  coord ina te  system is  def ined  by F igure  1; and 
Er ( vo l t s lme te r )  i s  t h e  component of e l e c t r i c  f i e l d  i n  t h e  
r a d i a l  d i r e c t i o n  - r .  
EZ (vo l t s lme te r )  i s  t h e  component of e l e c t r i c  f i e l d  i n  t h e  
a x i a l  d i r e c t i o n  - z .  
Hg (ampereslmeter) i s  t h e  component of magnetic f i e l d  i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n  - +. 
Ez (vo l t s lme te r )  i s  t h e  component of e l e c t r i c  f i e l d  i n  t h e  
a x i a l  d i r e c t i o n  - z .  
H+ (ampereslmeter i s  t h e  component of magnetic f i e l d  i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n  - 4 .  
Ezout (a t  s h i e l d )  
S = ; S i s  t h e  complex s u r f a c e  ( 4 )  
I t r a n s f e r  impedance. It 
r e p r e s e n t s  t h e  magnitude 
and phase of  t h e  a x i a l  
component 'of e l e c t r i c  f i e l d  
(E,) a t  t h e  o u t e r  s u r f a c e  of 
t h e  c o a x i a l  c ab l e  s h i e l d  p e r  
u n i t  c u r r e n t  i n  t h e  c e n t e r  
conductor .  
.. =, 
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me-t l6 
S = ohmslmeter, ( f o r  t / 6  2 1 )  ca6 
b , c  a r e  t h e  s h i e l d  r a d i i  shown i n  F igure  1 i n  meters 
t = c-b i s  t h e  t h i cknes s  of t h e  cab l e  o u t e r  s h i e l d  (6) 
6 = m-  s k i n  dep th  i n  t h e  conduct ing s h i e l d  
wlJ.0 
(7) 
w i s  t h e  r ad i an  frequency (==21~f) 
E ~ ,  u o a r e  t h e  p e r m i t t i v i t y  and pe rmeab i l i t y  of  f r e e  
space  i n  f a r ads lme te r  and hen r i e s lme te r  
r e s p e c t i v e l y .  
a is  t h e  conduc t iv i t y  of  t h e  s h i e l d  and c e n t e r  
conductor i n  mholmeter 
k = w(uo~o)112 is  t h e  r e s u l t a n t  propagat ion v e c t o r  (8) 
i n  t h e  e x t e r n a l  medium 
E 112 
k, = 8,-ja2zw(uo~)112 = (;-I k i s  t h e  a x i a l  component (9) 
o of t h e  propagat ion 
v e c t o r  f o r  t h e  cab l e  
s t r u c t u r e  (2 -a t tenua t ion  
cons t an t  a Z  smal l )  
E is  t h e  p e r m i t t i v i t y  of t h e  c a b l e  d i e L e c t r i c  
E k = j - - I 2  is  t h e  r a d i a l  component of t h e  
€0 (10) propaga.t ion v e c t o r  i n  t h e  e x t e r n a l  
medium 
Arthur D Little, Inc. 
z i s  t h e  a x i a l  coo rd ina t e  d i s t a n c e  i n  mete rs  
Ko(qr) i s  t h e  zero-order modified Bessel  f unc t i on  
of t h e  t h i r d  kind 
K ( q r )  is  t h e  f i r s t - o r d e r  modified Besse l  f u n c t i o n  
o f t h e t h i r d k i n d .  
The e x t e r n a l  Er and H components a r e  i n  phase w i th  each o t h e r ,  
0  
thereby  propaga t ing  power down t h e  o u t s i d e  of t h e  l i n e .  Er and H+ a r e  
simply r e l a t e d  by t h e  r a t i o  
which equa l s  570 ohms f o r  po lye thy l ene - f i l l ed  c a b l e s  such a s  RG-58 and 
RG-8. I n  a p p l i c a t i o n s  where t h e  r a d i a l  d i s t a n c e  r and frequency a r e  
such t h a t  q r < 0.15, K, ( q r )  and K1 ( q r )  can b e  approximated by t h e  
s impler  sma l l  argument forms 
t o  g ive :  
A c o a l  mine haulage way communications system o p e r a t i n g  below about 
100 kHz i s  one such a p p l i c a t i o n .  
. .* 
Arthur D Little, Inc. 
Equations 1 3  through 15 revea l  t h a t  i n  the  v i c i n i t y  of t h e  cable  the  
r a d i a l  e l e c t r i c  f i e l d  Er and c i rcumferent ia l  magnetic f i e l d  H f a l l  o f f  
0 
i nve r se ly  with d i s t ance  r from t h e  cable ,  while  t h e  a x i a l  e l e c t r i c  Ez 
f i e l d  f a l l s  of f  a s  the  logari thm of r .  When q r  > 0.15, i . e .  a t  h igher  
frequencies o r  g r e a t e r  d i s t ances  form t h e  cable ,  t h e  exact  expressions 
f o r  KO (qr )  and K 1  (q r )  must be used. 
When a i r  is the  ou t s ide  medium, t h e  f i e l d s  i n  Region 4 represent  a  
su r face  wave along t h e  ou t s ide  of t h e  coaxia l  s h i e l d .  There is  power 
t r a n s f e r  i n  the  a x i a l  d i r e c t i o n ,  and only r e a c t i v e  power i n  the  r a d i a l  
d i r e c t i o n  (Er and Hg i n  phase, E, i n  phase quadrature wi th  both E, and HO). 
B. Leaky Braid Shie ld  Model* 
This model explores leakage of electromagnetic  energy through t h e  
aper tures  i n  braided s h i e l d s .  The e x t e r n a l  magnetic f i e l d  is obtained 
by superpos i t ion  of t h e  f i e l d  conf igura t ions  from each b r a i d  wire  cu r ren t  
a s  a  funct ion  of t h e  d i s t ance  from t h e  wire.  Leakage through t h e  con- 
duct ing b ra id  wire i t s e l f  i s  neglected ( i d e a l l y  conducting assumption). 
The b ra id  is regarded as  a  mesh of diamond shaped ape r tu res  (Figure 2) 
and the  following assumptions a r e  made i n  o rde r  t o  be ab le  t o  apply the  
a n a l y t i c a l  r e s u l t s  of a  plane meshwire model t o  the  curved s h i e l d s  of 
coaxia l  cables.  
1. S ta t iona ry  DC l i k e  behavior of t h e  f l u x  p a t t e r n s  i n  t h e  
immediate v i c i n i t y  of t h e  b r a i d  ape r tu res  i s  assumed a t  
wavelengths which a r e  l a r g e  compared t o  t h e  dimensions of 
the  b r a i d  ape r tu res .  
2. Magnetic f i e l d  d i s t o r t i o n s  due t o  geometry and contac t  
condit ions a t  t he  b ra id  wire cross ing  a r e  neglected.  
3 .  The number of mesh ape r tu res  i s  l a r g e  i n  a  su r face  por t ion  
of t h e  b ra id  which can be considered t o  be almost f l a t .  
-- - -  
* K. I k r a t h ,  r e f .  (1 ) .  
Arthur D Little, Inc. 





* K. Ikrath, ref. 1 
FIGURE 2 BRAID SHIELD MESH STRUCTURE* 
.a* 
Arthur D Little, Inc. 
4. Geometric symmetry and equal  s i z e  of t he  diamond shaped b r a i d  
ape r tu res  is assumed (a  pe r tu rba t ion  of t h e  symmetrical model 
would exceed t h e  scope of t h i s  p re sen ta t ion ) .  
5. The b r a i d  is made of i n f i n i t e l y  conducting m a t e r i a l  (leakage 
through t h e  ape r tu res  only) .  
The expression f o r  t h e  su r face  t r a n s f e r  impedance pe r  u n i t  l eng th  
is then* 
S = 0.3 f;- (g)4 (1 + tan4a - s i n  4 a ) ,  
a 
f o r  small leakage f a c t o r  
where n is the  number of b r a i d  wire s t r a n d s  which form t h e  diamond 
shaped mesh ape r tu res .  The leakage f i e l d s  f o r  t h e  b r a i d  s h i e l d  model 
can then be ca l cu la t ed  from eqs.  (13)-(1.5) o r  (1)-(3) by s u b s t i t u t i n g  
t h e  expression (16) f o r  S. 
C.  Behavior Versus Operat ing Frequency 
I n  Figure 3 t h e  l a t e r a l  leakage f iei lds  i n  a i r  (again ignor ing  z 
dependence a r e  shown a s  a funct ion  of frequency a t  two d i s t ances  from 
RG 58/U cable.  These p l o t s  were obtained us ing  both t h e  s o l i d  wa l l  and 
i d e a l l y  conducting b r a i d  s h i e l d  approximations. The cab le  parameters 
and b r a i d  dimensions a r e  given i n  Tables 1, 2 and 3. I n  these  ca lcula-  
t i o n s  t h e  exac t  express ions  f o r  t h e  Besael  funct ions  K(nr) were used 
when n r  > 0.15. 
* K. I k r a t h ,  r e f .  (1) .  
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TABLE 1 
COAXIAL CABLE PARAMETERS, RG 58/U CABLE 
(For Figure 1 Geometry) 
a (meters) 4.13 x 
b (meters) 1 .524 1 om3 
c (meters) 1.816 x 
t (meters) 2.92 1 o - ~  
o (mholm) 5.7 x lo7 
e2 (relative) 2.26 e0 
TABLE 2 
BRAID DIMENSIONS, RG 58/U CABLE 
(as measured on a small sample) 
TABLE 3 
LONGITUDINAL ATTENUATION Ila), RG 58/U CABLE 
Frequency (MHz) .I .5 1 2 5 10 15 20 50 
a (dB per 100 ft.) .I .25 .35 .54 .95 1.45 1.8 2,1 3.6 
Arthur D Little Inc 
Examination of Figure 3 reveals  t h a t  leakage through t h e  conducting 
s h i e l d  ma te r i a l  dominates over t h a t  through t h e  b ra id  aper tures  a t  
f requencies below about 5 MHz. It is  a l s o  c l e a r  t h a t  lower frequencies 
a r e  favored o v e r a l l  with no optimum frequency occurring above 100 kHz 
i n  terms of achievable leakage f i e l d s .  However, a secondary "plateau" 
region i s  produced between 5 and 50 MHz by t h e  broad maximum i n  e x t e r n a l  
f i e l d  s t r eng th  predic ted  when using only the  b ra id  s h i e l d  model. The 
frequency band i n  which t h i s  f i e l d  maximum occurs using t h e  b r a i d  s h i e l d  
model v a r i e s  with d i s t ance  from t h e  cable.  A t  1 meter from t h e  cable 
t h e  f i e l d  maximum occurs between 10 and 20 MHz, while a t  a d i s t ance  of 
10 meters,  t h e  maximum occurs around 1 MHz. 
It should be noted t h a t  t h e  p l o t s  of Figure 3 have taken no account 
of long i tud ina l  a t t enua t ion  (Table 3) of the  f i e l d s  a s  they t r a v e l  along 
the  cable .  This a t t enua t ion  increases  wi th  frequency. I n  Figure 4 a r e  
shown p l o t s  of the  open c i r c u i t  vol tage  induced by the  magnetic f i e l d s  
of Figure 3 i n t o  a t r ansce ive r  loop antenna having a nominal e f f e c t i v e  
a rea ,  A e f f  , of l m 2 .  Unlike Figure 3 ,  a frequency dependent a t t enua t ion  
f a c t o r  which corresponds t o  t ransmission along 300 meters of RG-58/U cable  
has been applied t o  the  s i g n a l .  Again, no maximum is  found i n  t h e  
s i g n a l  above 100 H z  using t h e  s o l i d  s h i e l d  approximation; and broad 
vol tage  maxima f o r  t h e  b ra id  s h i e l d  model remain a t  roughly t h e  same 
frequencies a s  t h e  f i e l d  maxima, f a l l i n g  between 10-20 MHz a t  t h e  d i s t ance  
of 1 meter and between 1 and 5 MHz a t  a d is tance  of 10 meters.  The 
o v e r a l l  r e s u l t  i s  a s  before  with t h e  low frequencies favored and a 
secondary p la teau  region between 5 and 50 MHz. This r e s u l t  i s  s i m i l a r  
t o  t h e  o r i g i n a l  f i e l d  r e s u l t s  because of t h e  approximate cance l l a t ion  of 
two opposing e f f e c t s ,  (a) the  d i f f e r e n t i a t i n g  e f f e c t  of t h e  rece ive  loop,  
which favors higher  frequencies and (b) t h e  a t t enua t ion  wi th in  t h e  cable ,  
which i s  g rea te r  a t  h igher  frequencies.  It w i l l  a l s o  be observed t h a t  
the  open c i r c u i t  vol tage  of t h e  rece ive  loop i s  only a very weak funct ion 
of frequency below 100 kHz down t o  about 20 kHz. 
C l U I  
Arthur D Little, Inc. 
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It is  worth no t ing  from Figure 4 t h a t  t he  rece ive  s i g n a l  vol tage  
a t  a  d i s t ance  of 1 meter from t h e  cable  is  about 39dB higher  a t  100 kHz 
( so l id  s h i e l d  approximation) than the  maximum value  f o r  t h e  b r a i d  s h i e l d  
approximation around 15  MHz. A t  r = 10 meters ,  t h i s  d i f f e rence  inc reases  
t o  about 54dB, when comparing the  vol tage  maximum f o r  the  b r a i d  s h i e l d  
approximation a t  about 3 MHz with the  h igher  vol tage  a t  t h e  same 
frequency of 100 kHz f o r  t h e  s o l i d  s h i e l d  case.  
D. At ta inable  Longitudinal  Comunicat ion Range 
This  s e c t i o n  conta ins  the  r e s u l t s  of ca l cu la t ions  of t h e  two-way 
long i tud ina l  communication range a t t a i n a b l e  between a roving miner wi th  
a  po r t ab le  t r a n s c e i v e r  and a f ixed  base s t a t i o n  connected t o  a  leaky 
coax ia l  cable  hung a g a i n s t  t he  r i b  of a  haulage way. I n  t h e s e  c a l c u l a t i o n s  
it  has been assumed t h a t  t h e  haulage way environment does not  appreciably 
a f f e c t  t h e  f i e l d s  leaked out  of t h e  cable  i n t o  t h e  haulage way cross-  
s e c t i o n  because most of t h e  power i s  t ranspor ted  i n s i d e  t h e  cable.  Thus, 
t h e  ca l cu la t ed  ranges a r e  those  f o r  a  cable  i n  f r e e  space. Furthermore, 
t h e  long i tud ina l  range of t h e  communication system has been defined a s  
t h a t  poin t  where t h e  leakage f i e l d  induces a  vol tage  across  t h e  matched 
input  of t h e  r e c e i v e r ,  a t  a  l a t e r a l  d i s t ance  r meters from t h e  cab le ,  
which i s  j u s t  equal  t o  t h e  s e n s i t i v i t y  of t h a t  rece iver .*  I n  t h e  follow- 
ing  a l l  q u a n t i t i e s  should be understood a s  having t h e i r  RMS va lues  
where appropr ia te .  
Assuming a loop antenna,  
r f y _  NAB 
* This assumes t h a t  system performance w i l l  be l imi t ed  by i n t r i n s i c  
r ece ive r  no i se  as opposed t o  e x t e r n a l  electromagnetic  no i se  i n  t h e  
mine. A s  such, t h e  ranges ca l cu la t ed  i n  t h i s  s e c t i o n  can be con- 
s ide red  as upper bounds on performance t h a t  w i l l  only be f u r t h e r  
degraded by ext.ernd_naise- Levels, . Tbg-.eleflr-onagne-tic no i se  d a ~ a  
r e c e n t l y  taken up t o  32 rlIlz by the  National  Bureau of Standards i n  
s e v e r a l  coa l  mines should allow more r e a l i s t i c  es t imates  of commun- 
i c a t i o n  range t o  be made when t h e  reduced d a t a  become a v a i l a b l e  i n  
t h e  near  f u t u r e .  
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where Vr is  t h e  vo l t age  across  the  r e c e i v e r ' s  matched inpu t ,  
Vo i s  t h e  open c i r c u i t  vo l t age  across  t h e  loop,  
B is  t h e  magnetic f l u x  dens i ty  (p H) i n  webers/meter2 
(3 
pc i s  t h e  e f f e c t i v e  permeabi l i ty  f a c t o r ,  and NA, t h e  
product of t h e  number of t u r n s  times the  a r e a  of t h e  loop.  
I n  more convenient u n i t s  f o r  t h i s  calcu:lation, t h e  maximum acceptable  
f i e l d  i n t e n s i t y  H i s  given by 0 
H$ (dB r e  1 ampere pe r  meter) = vrS (dB r e  1 pV) 
-pcNA (dB r e  lm2) - f  (dB r e  1 MHz) - 132, 
where vrS i s  t h e  s e n s i t i v i t y  of t h e  r ece ive r .  
The maximum long i tud ina l  two-way co~munica t ion  range has been calcu- 
l a t e d  f o r  RG 5 8 / ~  coax ia l  cable  using equat ion (19),  i n  conjunct ion with 
previous computations of H and t h e  long i tud ina l  a t t e n u a t i o n  a s soc ia t ed  
@ 
with t h i s  cable  given i n  Table 3 .  The v a r i a t i o n  i n  long i tud ina l  communi- 
c a t i o n  range with operat iong frequency, l a t e r a l  range,  and loop e f f e c t i v e  
a r e a ,  based on the  two s i m p l i f i e d  models of f i e l d  behavior  discussed 
e a r l i e r ,  is presented f o r  RG 5 8 / ~  cable  i n  Table 4. These t abu la t ed  
va lues ,  a s  noted i n  t h e  t a b l e ,  a r e  f o r  a  po r t ab le  FM system having a  
nominal t r a n s m i t t e r  power of 1 w a t t  and r e c e i v e r  s e n s i t i v i t y  of 1 micro- 
v o l t ,  under t h e  most favorable  s i g n a l  c o ~ i d i t i o n s  when the  mobile u n i t  
antenna i s  o r i en ted  f o r  maximum coupling t o  t h e  coax ia l  cable  leakage 
f i e l d s  and no d e s t r u c t i v e  i n t e r f e r e n c e  (fading)  is  present .  The range 
impl ica t ions  of nominal p o l a r i z a t i o n  and/or  fad ing  l o s s e s  a r e  a l s o  noted. 
E. Discussion of Resul t s  
The r e s u l t s  tabula ted  i n  Table 4 i n d i c a t e  t h a t  one can hope t o  achieve 
base s ta t ion- to-por tab le  u n i t  comunica t ions  along cable  l eng ths  of up t o  
about one mile  only a t  opera t ing  f requencies  around 100 kHz and below, 
with reasonable po r t ab le  t r a n s m i t t e r  and r ece ive r  parameters and without  
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TABLE 4 
MAXIMUM TWO-WAY LONGITUDINAL COMMUNICATION RANGE VIA 
LEAKY COAXIAL CABLE (5052, RG 58/U) 
FM System 
Transmitter Power = 1 watt * 
Injected Current = 141 milliamperes rms 
Receiver-Noise-Limited Case for a Receiver Sensitivity of V: = 1pV 
for 20 dB of Quieting 
- * Loop Effective Area = pcNA 
Maximum Longitudinal Communication ~ a n ~ e s  
Lateral Range Frequency (feet) 
(meters) (MHz) pcNA = 0.1m2 pcNA = l m 2  pcNA = 10m2 
'Ranges i n  parentheses are obtained b y  use o f  f ie ld  strengths calculated f r o m  the leaky braid model. I n  al l  cases where ranges are 
given fo r  the  bra id model, t he  sol id shield model gives zero range. 
*Representative values o f  effective loop  area and transmitter power fo r  portable personal tranceiver units are 0.5m2 - for  a 
ferrite-loaded loop, and 1 watt,  respectively; and for  mobile vehicular units, 5m2 for  an air-core loop, and  1 0  watts. The 
ferrite-loaded loop  effective area reduces t o  unacceptable levels for  a practical design as the frequency increases (fai l ing t o  about 
0.005m2 around 2 0  MHz),  thereby indicating that  a wh ip  antenna about 2 feet long w i l l  be needed t o  obtain the required signal 
levels at the higher frequencies. 
S ~ h e  max imum ranges tabulated above are for the most favorable signal and noise condit ions. I f  a nominal safety margin of  1 4  d B  is 
also included t o  account for l ikely polarizat ion and fading losses (the former at  lower frequencies and the  latter at higher 
frequencies), ranges that are more realistic for rout ine use o f  portable units i n  haulage ways are probably those i n  the  
pc NA = 0.1 m 2  column above. The corresponding ranges for  vehicular units should l ie  approximately half way between those i n  the 
l m 2  and 10m2 columns. These ranges apply when receiver noise, n o t  external electromagnetic mine noise, is the dominating noise 
source. Longitudinal ranges fo r  dif ferent values o f  power, l oop  area, safety margin, receiver sensitivity or corresponding levels o f  
external noise, can also be obtained b y  relating the to ta l  d B  change t o  the  equivalent change i n  cable length using the Table 3 
longitudinal attenuation values for  each frequency. 
Final ly, though the  lower frequencies of fer  the greatest signal levels fo r  a given transmitter current, these levels unfortunately can 
require r f  transmitter voltages on  the order o f  100  volts for  a portable uni t  w i t h  a 1 0 0  mil l iampere loop  current. Therefore, the 
implicat ions o f  these voltage and current levels o n  the instrinsic safety o f  such portable units should be investigated i f  they are t o  
be used i n  the face areas of  work ing sections. 
il8*8I 
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r e p e a t e r s  placed i n  t h e  cab l e .  Larger ,  higher-powered vehicle-mounted 
mobile u n i t s  w i l l  achieve g r e a t e r  l o n g i t u d i n a l  ranges as i n d i c a t e d .  
Table 4 a l s o  r e v e a l s  t h a t  l a t e r a l  d i s t a n c e  from t h e  cab l e  i n  t h e  haulage 
way i s  n o t  a s i g n i f i c a n t  f a c t o r  wi th  r e s p e c t  t o  determining t h e  optimum 
frequency band. Furthermore, t h e  evidence of Figure 4 shows t h a t  below 
about 100 kHz, t h e r e  i s  n o t  much t o  choose between f requenc ies  i n  terms 
of s i g n a l  s t r e n g t h .  A t  l o n g i t u d i n a l  comnunication d i s t a n c e s  of more 
than one t o  two m i l e s ,  f r equenc i e s  of a few t e n s  of kHz w i l l  be s l i g h t l y  
favored over  100 kHz, from t h e  p o i n t  of view of s i g n a l  s t r e n g t h ,  because 
of t h e  lower a t t e n u a t i o n  along t h e  c a b l e  a t  lower f requenc ies .  However, 
t h e s e  d i f f e r e n c e s  i n  s i g n a l  s t r e n g t h  w i th  frequency a r e  no l a r g e r  and 
perhaps even smaller (2-3 dB) than  t h e  u n c e r t a i n t i e s  presen ted  by t h e  
e x t e r n a l  n o i s e  environment i n  t h e  haulage way. This  e x t e r n a l  n o i s e  may 
i n  f a c t  t u r n  ou t  t o  be  t h e  l i m i t i n g  f a c t o r  on communication range,  and 
hence be t h e  f i n a l  i n f l u e n c e  on t h e  choice  of ope ra t i ng  frequency. 
The choice of an optimum ope ra t i ng  frequency i s  a func t ion  of fou r  
f a c t o r s *  which vary  d i f f e r e n t l y  w i th  frequency,  namely l o n g i t u d i n a l  
a t t e n u a t i o n  of t h e  s i g n a l  w i t h i n  t h e  l i n e ,  leakage of t h e  f i e l d  t o  t h e  
o u t s i d e ,  p ropaga t ion  of t h e  "leaked" f i e l d  o u t s i d e  t h e  cab l e ,  and e x t e r n a l  
n o i s e  l e v e l s .  Ex te rna l  n o i s e  l e v e l s  were n o t  inc luded  i n  t h e  above ca l -  
c u l a t i o n s  because s i g n i f i c a n t  d a t a  were inot y e t  convenient ly  a v a i l a b l e  t o  
adequate ly  c h a r a c t e r i z e  t h e  haulage way inoise environment. Pre l iminary  
d a t a  from n o i s e  measurements taken i n  mines by Nat iona l  Bureau of Standards 
personnel  i n d i c a t e  t h a t  under some circu:mstances, e x t e r n a l  n o i s e  w i l l  be 
t h e  l i m i t i n g  f a c t o r  on performance. Therefore ,  i t  w i l l  b e  important  t o  
monitor and apply  t h e  r e s u l t s  of NBS'S n o i s e  measurement program i n  o rde r  
t o  determine when and how s e r i o u s l y  e x t e r n a l  n o i s e  may impede t h e  per-  
formance of c o a x i a l  c ab l e  communication systems. It w i l l  then be  p o s s i b l e  
t o  determine i f  a d i s t i n c t l y  optimum ope ra t i ng  frequency i s  i d e n t i f i a b l e  
from a p r a c t i c a l  s t andpo in t  w i t h i n  t h e  p r e s e n t l y  favored 10 kHz t o  100 kHz 
band o r  a t  h ighe r  f r equenc i e s  f o r  two-way base  s t a t i on - to -po r t ab l e  
* A s  mentioned i n  Table 4,  i n t r i n s i c  s a f e t y  and p r a c t i c a l  des ign  cons idera-  
t i o n s  may a l s o  p lay  impor tan t  r o l e s ,  p a r t i c u l a r l y  f o r  t h e  p o r t a b l e  u n i t s .  
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communications i n  haulage ways. On t h e  o the r  hand, a few b r i e f  ca lcula-  
t i o n s  have shown t h a t  a t  - no frequency i s  i t  poss ib l e  t o  ob ta in  por tab le-  
to-por tab le  communication v i a  conventional  coax ia l  cable  without r epea te r s  
o r  r a d i a t i n g  devices i n s e r t e d  i n  t h e  cable.  
I n  t h e  above work, t h e  e f f e c t  upon t h e  leaked f i e l d s  of t h e  char- 
a c t e r i s t i c s  of t h e  tunnels  and rock found i n  mines has been neglec ted .  
This approximation i s  probably reasonably v a l i d  i n  t h e  haulage way c lose  
t o  t h e  cable  i t s e l f  ( a t  a l a t e r a l  s epa ra t ion  of one t o  perhaps two meters ,  
f o r  example), but  should be inves t iga t ed  f u r t h e r .  On the  o t h e r  hand, 
t h e  approximation should be gross ly  inadequate f o r  p red ic t ing  l a t e r a l  
range down e n t r i e s  c ross ing  t h e  haulage way containing t h e  cable .  A s  
shown i n  P a r t  Four of t h i s  r e p o r t ,  r ad io  waves propagating down e n t r i e s  
without conductors w i l l  be severe ly  a t tenuated  by l o s s e s  i n  t h e  surrounding 
rock a t  f requencies  s u i t a b l e  f o r  t h e  conventional  leaky coax ia l  cables  
discussed i n  t h i s  P a r t  (Three) of t h e  r epor t .  
The t h e o r i e s  of leakage f i e l d s  used t o  de r ive  t h e  a t t a i n a b l e  cormnun- 
i c a t i o n  ranges i n  Table 4 contain o t h e r  assumptions and approximations 
which must of course be t e s t e d  experimental ly be fo re  t h e  conclusions 
drawn us ing  them can be regarded a s  f i rm.  For example, t h e  r e l a t i v e  
amplitudes of t h e  leakage f i e l d s  ca l cu la t ed  i n  t h e  reg ions  of v a l i d i t y  
of t h e  two d i f f e r e n t  models ( so l id  wa l l  and inf in i te ly-conduct ing  b r a i d  
s h i e l d  approximations) have t o  be v e r i f i e d  be fo re  d e f i n i t i v e  s ta tements  
concerning t h e  optimum opera t ing  frequency f o r  a leaky conventional 
coax ia l  cable  t ransmission system can be made. 
The app l i ca t ion  of t h e  b r a i d  s h i e l d  model t o  t h e  c a l c u l a t i o n  of 
leakage f i e l d s  from RG 5 8 / ~  cable  must a l s o  be viewed a s  s u b j e c t  t o  some 
unce r t a in ty .  It appears  t o  us  t h a t  t he  model a s  i t  s tands  may only give 
accura t e  r e s u l t s  when appl ied  t o  cables  with b r a i d  s h i e l d s  i n  which t h e  
ape r tu res  and s h i e l d  r a d i u s  a r e  s u b s t a n t i a l l y  l a r g e r  than i s  t h e  case  
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with  s tandard  RG 5 8 / ~  cable .  However, while  t h e  absolu te  va lues  
of t h e  leakage f i e l d  f o r  t h e  bra ided  s h i e l d  model a r e  sub jec t  t o  doubt,  
t h e  p red ic t ed  behavior  of t h i s  f e e l d  wi th  frequency, i . e . ,  a broad maximum 
between 10  and 20 MHz, i s  on more c e r t a i n  ground. 
Re la t ive ly  s t r a igh t fo rward  experiments a r e  requi red  t o  measure t h e  
magnetic f i e l d  s i g n a l  s t r e n g t h s  a s  funct ions  of frequency and d i s t ance  from 
long l eng ths  of conventional  coax ia l  cables  i n  a i r  and i n  mine haulage ways. 
Then curves such a s  those  shown i n  Figures 3  and 4  can be  v e r i f i e d  i n  terms 
of both shape and amplitude, o r  cor rec t i .ons  made t o  them and t h e  theory i f  
appropr ia te .  It would a l s o  be i n s t r u c t i v e  and worthwhile t o  r econc i l e  
and compare t h e  method of c a l c u l a t i o n  described i n  t h i s  r epor t  wi th  those  
followed by workers i n  o t h e r  coun t r i e s ,  notably France (1) , t h e  U.K. (2) , 
and Canada (3 ) ,  i n  t h e i r  i n v e s t i g a t i o n s  of r ad io  comunica t ion  i n  mines 
by means of coax ia l  cable .  
111. EUROPEAN WORK WITH LEAKY COAXIllL CABLE COMMUNICATION SYSTEMS 
Three major c l a s s e s  of coax ia l  cablle communication systems designed 
f o r  use  i n  mines have been repor ted  a s  b'eing i n  var ious  s t a g e s  of develop- 
ment i n  Europe. 
(1) 1 ~ 1 ~ x / ~ e l o g n e  system ( ~ e l g i u m )  employing r e g u l a r l y  spaced r a d i a t i n g  
devices  along conventional  R G - 8 / ~  coax ia l  cable  (4) . 
Much experimental  and t h e o r e t i c a l  i n v e s t i g a t i o n  of t h i s  system has  
been performed inc luding  t r i a l s  a t  t h e  Bruceton, Pa. Safe ty  Research mine 
of t h e  USBM. The optimum opera t iona l  frequency i s  be l ieved  t o  f a l l  i n  
t h e  range of 2-20 MHz. Prototype i n s t a l l a t i o n s  a r e  on o rde r  i n  Belgium, 
a t  a  p r i c e  of about $2500/km. Firm product ion s a l e s  p r i c e s  a r e  no t  
y e t  a v a i l a b l e .  The INIEX/Delogne scheme appears p o t e n t i a l l y  s u i t a b l e  f o r  
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application in U.S. mines, although several uncertainties regarding 
performance/cost trade-offs in typical U.S. mine environments still have 
to be resolved. These uncertainties are connected in particular with 
the restraint in U.S. mines of having to install the cable close to the 
rib with consequent increases in attenuation, in contrast to the more 
central location in an arched tunnel allowed in Europe, and with the 
influences on performance of dirt and water on the cable and radiative 
devices. 
(2 )  Coaxial cable with high surface transfer impedance -- 
specially designed "leaky" braid outer conductor (France). 
Theoretical investigations carried out at the University of Lille 
in France indicate that effective communication along several miles of 
mine haulage way may be achieved by use of a coaxial cable whose braid 
outer conductor is designed and fabricated for "optimum" leakage of 
radiation. Experimental investigations of this scheme in a French mine 
are planned to be carried out near the end of 1973. The optimum opera- 
tional frequency is believed to be between 5-10 MHz. 
Similar uncertainties exist with regard to the effects of dirt, 
water, and proximity to the walls of the tunnel on the performance of 
the proposed French scheme in U.S. mine environments, as were mentioned 
in the context of the Belgian cable system. 
(3) Conventional coaxial cable with repeaters (TJ .K. ) 
It has been reported that a conventional coaxial cable communication 
system incorporating repeaters is being tested experimentally in the 
U.K. Little information on the cost and performance of this system is 
yet available in the U.S. Additional uncertainties in the performance 
and cost evaluations of this system are introduced by questions associated 
with the reliability and maintainability of the repeaters that can real- 
istically be expected in a mine environment. 
111. 
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B . Discussion 
Progress  achieved i n  Europe i n  t h e  development of t h e  coax ia l  cable  
communication systems mentioned above should be c a r e f u l l y  and con t inua l ly  
monitored and evalua ted .  I n  p a r t i c u l a r ,  cos t  e s t ima tes  and f u r t h e r  
opera t ing  performance d a t a  should be obtained.  
Nevertheless ,  European r e s u l t s ,  while  va luable  and t o  d a t e  
encouraging, cannot be d i r e c t l y  appl ied  t o  t h e  d i f f e r e n t  environment 
of U.S. mines. I n  p a r t i c u l a r  i t  appears impossible t o  i n s t a l l  commun- 
i c a t i o n  cables  i n  U.S. mines i n  t h e  loca t ions  recommended by European 
r e sea rche r s .  S p e c i f i c a l l y ,  cables  \ r i l l  have t o  be i n s t a l l e d  c l o s e  t o  
t h e  r i b s  o r  wa l l s  i n  U.S. mines. Accordingly d i f f e r e n t  a t t enua t ion  
r a t e s ,  and correspondingly d i f f e r e n t  optimum opera t ing  f requencies  o r  
t r a d e o f f s  between t h e  r a t e  of "leakaget1 of power and t o t a l  communica- 
t i o n  system l eng th  may p r e v a i l  than i n  t h e  European s i t u a t i o n .  
Experimental i n v e s t i g a t i o n s  i n  U.S. mines wi th  t h e  proposed European 
coax ia l  cable  systems a r e  requi red  be fo re  t h e i r  a p p l i c a b i l i t y  i n  t h i s  
country can be d e f i n i t i v e l y  confirmed o r  denied,  and i f  confirmed, 
o p e r a t i o n a l  s p e c i f i c a t i o n s  w r i t t e n  ( f o r  frequency, design of r a d i a t i v e  
s t r u c t u r e  o r  "leaky" o u t e r  conductor,  and s o  f o r t h ) .  
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PART FOUR 
THEORY OF WIRELESS PROPAGATION 
OF UHF RADIO WAVES 
I N  COAL MINE TUNNELS 
INTRODUCTION 
This P a r t  is  concerned with the  t h e o r e t i c a l  s tudy of UHF rad io  
communication i n  coa l  mines, wi th  p a r t i c u l a r  re ference  t o  t h e  r a t e  of 
l o s s  of s i g n a l  s t r e n g t h  along a  tunnel ,  and from one tunnel  t o  another  
around a  corner .  Of prime i n t e r e s t  a r e  the  na tu re  of t h e  propagation 
mechanism and t h e  p red ic t ion  of t he  r ad io  frequency which propagates 
with t h e  sma l l e s t  l o s s .  Our t h e o r e t i c a l  r e s u l t s  a r e  compared wi th  
measurements made by Co l l in s  Radio Co. 
This work was conducted a s  p a r t  of t h e  P i t t sbu rgh  Mining and Safe ty  
Research Center ' s  i n v e s t i g a t i o n  of new ways t o  reach and extend two-way 
communications t o  t h e  key ind iv idua l s  t h a t  a r e  h ighly  mobile wi th in  t h e  
s e c t i o n s  and haulage ways of coa l  mines. 
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A t  f requenc ies  i n  t h e  range of 200-4,000 MHz t h e  rock and coa l  bound- 
i n g  a  c o a l  mine t unne l  a c t  as  r e l a t i v e l y  low l o s s  d i e l e c t r i c s  wi th  d i -  
e l e c t r i c  cons t an t s  i n  t h e  range 5-10. Under t he se  condi t ions  a  reason- 
a b l e  hypothes i s  is  t h a t  t ransmiss ion  takes  t h e  form of waveguide propa- 
g a t i o n  i n  a  t unne l ,  s i n c e  t h e  wavelengths of t h e  UHF waves a r e  sma l l e r  
than t h e  t unne l  dimensions.  An e lec t romagnet ic  wave t r a v e l i n g  along a  
r ec t angu la r  t unne l  i n  a  l o s s l e s s  d i e l e c t r i c  medium can propagate  i n  any 
one of a  number of allowed waveguide modes. A l l  of t h e s e  modes a r e  
" lossy  modes" owing t o  t h e  f a c t  t h a t  any p a r t  of t h e  wave t h a t  impinges 
on a  w a l l  of t h e  tunne l  is  p a r t i a l l y  r e f r a c t e d  i n t o  t he  surrounding d i -  
e l e c t r i c  and p a r t i a l l y  r e f l e c t e d  back i n t o  t h e  waveguide. The r e f r a c t e d  
p a r t  propagates  away from t h e  waveguide and r ep re sen t s  a  power l o s s .  
This  type of waveguide mode d i f f e r s  from t h e  l i gh t -p ipe  modes i n  g l a s s  
f i b e r s  i n  which t o t a l  i n t e r n a l  r e f l e c t i o n  occurs  a t  t h e  w a l l  of t h e  
f i b e r ,  wi th  zero power l o s s  i f  t he  f i b e r  and t h e  ma t r ix  i n  which i t  is  
embedded a r e  bo th  l o s s l e s s .  I t  is t o  be noted t h a t  t h e  a t t e n u a t i o n  r a t e s  
of t he  waveguide modes s t u d i e d  i n  t h i s  paper depend almost e n t i r e l y  on 
r e f r a c t i o n  l o s s ,  both f o r  t he  dominant mode and h ighe r  modes e x c i t e d  by 
s c a t t e r i n g ,  r a t h e r  than  on ohmic l o s s .  The e f f e c t  of ohmic l o s s  due t o  
t h e  sma l l  conduct iv i ty  of t h e  surrounding m a t e r i a l  i s  found t o  b e  n e g l i g i -  
b l e  a t  t h e  f requenc ies  of i n t e r e s t  h e r e ,  and w i l l  no t  b e  f u r t h e r  d i scussed .  
The s tudy  r epo r t ed  h e r e  is  concerned wi th  tunne ls  of r ec t angu la r  
c ross -sec t ion  and t h e  theory inc ludes  t h e  ca se  where t h e  d i e l e c t r i c  con- 
s t a n t  of t h e  m a t e r i a l  on t h e  s i d e  wa l l s  of t h e  t unne l  i s  d i f f e r e n t  from 
t h a t  on top and bottom w a l l s .  The work extends t h e  e a r l i e r  t h e o r e t i c a l  
work by M a r c a t i l i  and ~ c h t n e l t z e r ' l )  and by Glaser (2)  which app l i e s  t o  
waveguides of c i r c u l a r  and p a r a l l e l - p l a t e  geometry i n  a  medium of uniform 
d i e l e c t r i c  cons t an t .  
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I. RAP THEORY -
The allowed modes i n  a  r e c t a n g u l a r  t unne l  i n  a  d i e l e c t r i c  can b e  
determined approximately e i t h e r  by a  ray  theory o r  a  wave theory  approach. 
I n  t h e  ray  method we cons ider  a  ray  of t h e  r a d i a t i o n  which bounces from 
w a l l  t o  w a l l  of t h e  t unne l  making a  g raz ing  angle  $. with t h e  s i d e  w a l l s  
and $ 2  with  t h e  f l o o r  and roo f .  The propaga t ion  modes wi th  t h e  lowest  
a t t e n u a t i o n  r a t e s  a r e  t h e  two ( 1 ,  1 )  modes which have t h e  e l e c t r i c  f i e l d ,  
E ,  p o l a r i z e d  predominantly i n  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s ,  
r e s p e c t i v e l y .  These two modes, which we w i l l  r e f e r  t o  a s  t h e  Eh and Ev 
modes, a r e  bo th  def ined  i n  t h e  r ay  p i c t u r e  by t he  phase r e l a t i o n s  




where X i s  t h e  f r e e  space  wavelength of t h e  r a d i a t i o n  and d  d  a r e  1' 2  
t h e  h o r i z o n t a l  and v e r t i c a l  dimensions of t h e  t unne l .  Equations (1) 
and (2) a r e  t h e  cond i t i ons  t h a t  t h e  phase s h i f t  undergone by t h e  ray 
is  e x a c t l y  360' a f t e r  succes s ive  r e f l e c t i o n s  from t h e  two s i d e  w a l l s  o r  
from t h e  f l o o r  and r o o f .  
For f requenc ies  around 1,000 MHz, ;\ i s  s m a l l  compared wi th  dl and 
d2. 
Therefore  we can u se  t h e  approximate r e l a t i o n s  
I 
L 
The numbers of r e f l e c t i o n s  N1 and N exper ienced by a  ray  a t  t h e  v e r t i c a l  2 
and h o r i z o n t a l  w a l l s  of t h e  t u n n e l ,  wh i l e  t r a v e l i n g  a  d i s t a n c e  z  a long 
t h e  t unne l ,  a r e  given by ~ $ 7  
L 
The a t t e n u a t i o n  f a c t o r  f o r  t h e  r ay  i n t e n s i t y  f o r  t h i s  d i s t a n c e  is  
where R1 and R a r e  t h e  power r e f l e c t a n c e s  of t h e  v e r t i c a l  and h o r i z o n t a l  
2  
s u r f a c e s  a t  t h e  graz ing  angles  and Q2 , r e s p e c t i v e l y .  
* References  t o  F igu re s ,  Tables  and Equations apply  t o  t hose  i n  t h i s  
P a r t  u n l e s s  o therwise  no ted .  
4 .3  
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On combining equa t ions  (3)-(7) we f i n d  f o r  t h e  l o s s  L i n  d e c i b e l s  
I n  u s ing  t h i s  formula t o  c a l c u l a t e  t h e  l o s s  r a t e  one must c a l c u l a t e  R 
1 
and R2 by means of t h e  s tandard  F r e s n e l  r e f l e c t i o n  formulas f o r  t h e  
ang l e s  and + 2 ,  and t h e  corresponding d i e l e c t r i c  cons t an t s  K1 and K2.  
The r e s u l t  i s  d i f f e r e n t  f o r  t h e  E and E modes because t h e  F re sne l  
h v 
formulas a r e  d i f f e r e n t  f o r  t h e  two p o l a r i z a t i o n s .  Appendix A g ives  t h e  
F re sne l  formulas and ray-method c a l c u l a t i o n s  f o r  t h e  E mode. h 
I I. WAVE METHOD 
I n  t h e  wave method we o b t a i n  an approximate s o l u t i o n  of Maxwell's 
equa t ions  f o r  l o s s y  modes i n  a r e c t a n g u l a r  waveguide w i th  d i e l e c t r i c  
w a l l s .  We use Ca r t e s i an  coo rd ina t e s  w i th  o r i g i n  a t  t h e  c e n t e r  of t h e  
t u n n e l  c ro s s - s ec t i on ,  t h e  z-axis a long  t h e  t unne l  a x i s ,  t h e  x-axis 
h o r i z o n t a l ,  and t h e  y-axis v e r t i c a l .  I n  t h e  case  of t h e  E mode t h e  
h 
main f i e l d  components of t h e  mode a r e  given approximately by 
-ik3z 
E = E  cos  k x  c o s k y  e 
X 0 1 2 
where t h e  symbols have t h e i r  customary meaning and 
I n  a d d i t i o n  t o  t h e s e  t r a n s v e r s e  f i e l d  components t h e r e  a r e  sma l l  longi -  
t u d i n a l  components EZ and H and a sma l l  t r a n s v e r s e  component H . 
2 X 
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The s imple s o l u t i o n  given by (9)  and ( l o ) ,  a long wi th  t h e  smal l  
l o n g i t u d i n a l  and t r a n s v e r s e  components, does no t  a l low t h e  boundary 
cond i t i ons  of c o n t i n u i t y  of t h e  t a n g e n t i a l  components of E and H t o  be 
a c c u r a t e l y  s a t i s f i e d  over t h e  whole su~eface  of t h e  waveguide. An 
approximation t o  t h e  boundary cond i t i ons  g ives  va lues  f o r  k and k2 1 
a s  fo l lows:  
where K1 and K2 a r e  t h e  d i e l e c t r i c  cons t an t s  of t h e  s idewa l l s  and of t h e  
f l o o r  and r o o f ,  r e s p e c t i v e l y .  
From (11)-(13) we o b t a i n  t h e  imaginary p a r t  of t h e  wave number z- 
component k and from i t  t h e  power l o s s  over  a  d i s t a n c e  z .  The r e s u l t  
3 
i n  d e c i b e l s  i s  
I n  l i k e  manner t h e  l o s s  f o r  t h e  E;, mode i s  found t o  be 
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These r e s u l t s  show t h a t  t h e  l o s s  r a t e  i nc reases  w i th  t h e  square  of 
t h e  wavelength and decreases  w i th  t h e  cube of t h e  l i n e a r  dimensions of 
t h e  tunne l .  Losses c a l c u l a t e d  by (14) and (15) agree  c l o s e l y  w i th  t hose  
c a l c u l a t e d  by t h e  ray  l o s s  formula (8). Since (14) and (15) do no t  
r e q u i r e  eva lua t ion  of t h e  F re sne l  r e f l e c t a n c e s  R 1  and R2,  they  a r e  con- 
s i d e r a b l y  s impler  t o  use .  D e t a i l s  of t h e  wave theory ,  inc lud ing  l o s s  
c a l c u l a t i o n s  f o r  h igher  modes, a r e  given i n  Appendix B. 
I COMPARISON WITH EXPERIMENT 
Figure 1 shows l o s s  r a t e s  i n  d ~ / 1 0 0  f t .  a s  func t ions  of frequency 
c a l c u l a t e d  by equa t ions  (14) and (15) f o r  t h e  % and E modes i n  a  
v  
t unne l  of width 14 f t .  and h e i g h t ,  7 f t . ,  r e p r e s e n t a t i v e  of a  haulage way 
i n  a  seam of high c o a l ,  f o r  K = K2 = 10 ,  corresponding t o  c o a l  on 
1 
a l l  t h e  w a l l s  of t h e  t unne l .  It is seen  t h a t  t h e  l o s s  r a t e  i s  much 
g r e a t e r  f o r  t h e  E mode. F igure  2  shows t h e  c a l c u l a t e d  E  l o s s  r a t e  f o r  
v  h  
a  t unne l  of h a l f  t h e  h e i g h t .  The h ighe r  l o s s  r a t e  i s  due t o  t h e  e f f e c t  
of t h e  d23 term i n  equa t ion  (14) .  
Two experimental  va lues  ob ta ined  by Co l l i n s  Radio Co. (3) f o r  ho r i -  
zonta l -hor izonta l  antenna o r i e n t a t i o n s  a r e  a l s o  shown i n  F igure  1. These 
va lues  ag ree  w e l l  wi th  theory f o r  t h e  % mode f o r  415 MHz, b u t  no t  s o  
w e l l  a t  1,000 MHz. The depa r tu re  sugges ts  t h a t  some a d d i t i o n a l  l o s s  
mechanism s e t s  i n  a t  h ighe r  f r equenc i e s .  
It  is  a l s o  t o  be  noted t h a t  t h e  experimental  va lues  of t h e  l o s s  r a t e s  
f o r  a l l  t h r e e  o r i e n t a t i o n  arrangements of t h e  t r a n s m i t t i n g  and r ece iv ing  
d ipo l e  an tennas ,  namely, ho r i zon ta l -ho r i zon ta l ,  v e r t i c a l - h o r i z o n t a l ,  and 
v e r t i c a l - v e r t i c a l ,  a r e  s u r p r i s i n g l y  c l o s e  t o  each o t h e r .  The independence 
of l o s s  r a t e  w i th  r e s p e c t  t o  p o l a r i z a t i o n  is  no t  p r ed i c t ed  by t h e  theory 
d i scussed  s o  f a r ,  a s  s een  i n  F igure  1 f o r  t h e  % and E modes. Indeed 
v  
t h e  theory p r e d i c t s  no t ransmiss ion  a t  a l l  f o r  t h e  VJ3 antenna arrangement. 
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To exp la in  bo th  t h e  h ighe r  observed l o s s  r a t e  a t  t h e  h ighe r  f r e -  
quenc ies ,  r e l a t i v e  t o  t h e  c a l c u l a t e d  Eh mode v a l u e s ,  and t h e  independence 
of t h e  l o s s  r a t e  on antenna o r i e n t a t i o n ,  w e  p o s t u l a t e  t h a t  roughness and 
v a r i a b l e  tilt of t h e  f o u r  t unne l  w a l l s  combine t o  cause s c a t t e r i n g  of t h e  
dominant # mode. The s c a t t e r e d  r a d i a t i o n  goes i n t o  many h ighe r  modes 
and can b e  regarded a s  a  d i f f u s e  comp0nen.t t h a t  accompanies t h e  # mode. 
The d i f f u s e  component i s  i n  dynamical equ i l i b r ium wi th  t h e  # mode i n  
t h e  s ense  t h a t  i t s  r a t e  of  genera t ion  by t h e  # mode i s  balanced by i t s  
r a t e  of l o s s  by r e f r a c t i o n  i n t o  t h e  surrounding d i e l e c t r i c .  S ince  t h e  
d i f f u s e  component c o n s i s t s  of h ighe r  waveguide modes f o r  which t h e  r e f r a c -  
t i v e  l o s s  r a t e  is  much h ighe r  than  f o r  t h e  fundamental # mode, t h e  
dynamical ba lance  p o i n t  is  such t h a t  t h e  l e v e l  of t h e  d i f f u s e  component 
is many dB below t h a t  of t h e  E mode a t  any p o i n t  i n  t h e  tunne l .  
h  
The s c a t t e r i n g  l o s s  from t h e  # mode i n t o  t h e  d i f f u s e  component begins  
t o  i n c r e a s e  r a p i d l y  when t h e  wavelength is  s o  s h o r t  t h a t  t h e  mode graz ing  
angles  $1 and $ 2 ,  def ined  e a r l i e r ,  become comparable w i th  t h e  r o o t  mean 
squa re  tilt of t h e  w a l l s  of t h e  t unne l .  This  accounts  f o r  t h e  h i g h e r  
experimental  l o s s  a t  1,000 MHz than  t h a t  p r e d i c t e d  f o r  t h e  # mode by 
t h e  theory  f o r  a  p e r f e c t  d i e l e c t r i c  waveguide shown i n  F igure  1. 
The d i f f u s e  r a d i a t i o n  component a l s o  accounts f o r  t h e  observed in -  
dependence of l o s s  r a t e  on antenna o r i e n t a t i o n .  The argument h e r e  is  t h a t ,  
i r r e s p e c t i v e  of whether tAe t r a n s m i t t i n g  antenna is  o r i e n t e d  h o r i z o n t a l l y  
o r  v e r t i c a l l y ,  a t  a  s u f f i c i e n t  d i s t a n c e  down the  t unne l  t h e  r a d i a t i o n  
u l t i m a t e l y  settles down i n t o  t h e  dominant E component and a  weaker 
h  
d i f f u s e  component. I f  t h e  t r a n s m i t t i n g  antenna is  o r i e n t e d  v e r t i c a l l y  
i t  i n i t i a l l y  e x c i t e s  t h e  $ mode which d i e s  ou t  r e l a t i v e l y  r a p i d l y  by 
r e f r a c t i v e  l o s s  and s c a t t e r i n g  i n t o  t h e  u ~ l p o l a r i z e d  d i f f u s e  component. 
The d i f f u s e  component i n  t u r n  couples  t o  t he  Eh mode which, owing t o  
i t s  much lower l o s s  r a t e  f i n a l l y  becomes dominant. When dynamical 
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equ i l i b r ium i s  reached t h e  d i f f u s e  component remains a t  a f i x e d  number 
of dB below t h e  % mode. Therefore  a  v e r t i c a l l y  o r i en t ed  r ece iv ing  
antenna c a r r i e d  down t h e  tunne l  measures the  l o s s  r a t e  of the Eh mode. 
A h o r i z o n t a l  r ece iv ing  antenna measures t h e  E mode d i r e c t l y  and t h e  
h  
l o s s  r a t e  is  t h e  same a s  be fo re  although the  i n s e r t i o n  l o s s  of t h e  
antenna is  cons iderab ly  l e s s .  
Experiments by Co l l i n s  Radio Co. on t h e  s i g n a l  s t r e n g t h  t r ansmi t t ed  
around a  corner  i n t o  a  c ros s  tunne l  g ive  f u r t h e r  convincing proof of the  
d i f f u s e  component hypothes i s .  They found t h a t  a  l a r g e  l o s s  occurred 
when t h e  r ece iv ing  antenna was moved around t h e  corner ,  b u t  t h a t  t h e  
rece ived  s i g n a l  s t r e n g t h  was then independent of antenna o r i e n t a t i o n .  
This i s  exac t ly  what one would expect  from t h e  d i f f u s e  r a d i a t i o n  hypo- 
t h e s i s  s i n c e  t h e  w e l l  co l l imated  Eh mode i n  t h e  main t unne l  couples 
very weakly i n t o  t h e  c ross  t unne l ,  whereas t h e  uncol l imated d i f f u s e  com- 
ponent couples f a i r l y  e f f i c i e n t l y .  Since t h e  d i f f u s e  r a d i a t i o n  i s  l i k e l y  
t o  be  l a r g e l y  unpolar ized t h e  observed independence of s i g n a l  s t r e n g t h  
on antenna o r i e n t a t i o n  is understandable  . 
Another observa t ion  by Co l l i n s  Radio is t h a t  t h e  i n i t i a l  a t t e n u a t i o n  
r a t e  on e n t e r i n g  t h e  c ross  tunne l  is  much h ighe r  than the  r a t e  i n  t he  
main t unne l .  This is  a l s o  i n  accord wi th  t he  d i f f u s e  r a d i a t i o n  component 
which has  a  much l a r g e r  l o s s  r a t e  than t h e  % mode owing t o  i t s  s t e e p e r  
angles  of inc idence  on t h e  t unne l  w a l l s .  
I V .  DIFFUSE RADIATION CALCULATIONS 
We d i scus s  two d i f f e r e n t  mechanisms by which d i f f u s e  r a d i a t i o n  is  
generated by s c a t t e r i n g  ou t  of t h e  dominant Eh mode. The f i r s t  of t he se  
i s  roughness of t h e  w a l l s  of t h e  t unne l  which i s  h e r e  regarded a s  v a r i -  
a t i o n s  i n  l o c a l  s u r f a c e  l e v e l  r e l a t i v e  t o  t h e  mean s u r f a c e  l e v e l .  The 
second is  long range t i l t  of t h e  t unne l  w a l l s  r e l a t i v e  t o  t h e  mean planes 
which de f ine  t h e  dimensions d  and d  of t he  t unne l .  
1 2 
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A.  Roughness Ef fec t s  
When a  p a r a l l e l  beam of r a d i a t i o n  of i n t e n s i t y  I s t r i k e s  a rough 
0 
s u r f a c e  a t  normal incidence the  r e f l e c t e d  r a d i a t i o n  cons i s t s  of a  par- 
a l l e l  beam of reduced i n t e n s i t y  I together  with a  d i f f u s e  component. 
I f  t h e  s u r f a c e  i s  a  p e r f e c t  r e f l e c t o r  
where X is  the  wavelength and h  is t h e  r o o t  mean square roughness. 
For incidence a t  a  grazing angle $ one may assume t h a t  t h e  e f f e c t i v e  
roughness is  now h  s i n $ ,  so  t h e  l o s s  f a c t o r  becomes ( 4 )  
I n  t h e  case of t h e  dominant mode i n  a  d i e l e c t r i c  waveguide we can from 
equat ions (1) and (2) w r i t e  f o r  t he  roughness l o s s  f a c t o r s  per  r e f l e c t i o n  
f o r  t he  v e r t i c a l  and h o r i z o n t a l  wa l l s :  
The l o s s  f a c t o r  f o r  a  d i s t ance  z is t h e r e f o r e ,  from equat ions (3)-(6) 
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The l o s s  i n  dB is  then 
B .  T i l t  E f f e c t s  
The e f f e c t  of w a l l  t i l t  can b e  es t imated  a s  fo l lows .  Suppose t h a t  
a  ray  of t h e  E mode encounters  a  p o r t i o n  of a  s i d e  w a l l  t h a t  i s  t i l t e d  h  
through a  sma l l  angle  8 about a  v e r t i c a l  a x i s .  Then t h e  r e f l e c t e d  
beam is  r o t a t e d  through an angle  28. This  means t h a t  t h e  e l e c t r i c  
f i e l d  i s  changed from 
The power coupl ing f a c t o r  g  of t h e  d i s tu rbed  f i e l d  (23) back i n t o  
1 
t h e  mode (22) is  given by 
4.12 ..- 
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where t h e  i n t e g r a t i o n s  a r e  over  t h e  c ross -sec t ion  of t h e  tunne l .  The 
b a r  over  E ' i n d i c a t e s  complex conjuga te .  Since 8 i s  sma l l  we can re-  
X 
p l a c e  cos20 by 1 and s i n 2 8  by 2 8  . Then (24) becomes 
In s t ead  of us ing  t h e  a c t u a l  func t ion  cosk x cosk y  f o r  F, we f i n d  i t  1 2 
more convenient t o  use  an equ iva l en t  Gaussian func t ion  
and i n t e g r a t e  over  i n f i n i t e  l i m i t s .  The r e s u l t  i s  
2 
Next we assume t h a t  F  f a l l s  t o  l / e  a t  t h e  p o i n t  x = d, /2 ,  y  = o ,  which 
1 
is a t  t h e  s u r f  ace  of t h e  waveguide. Then a2 = 112 dl2 and 
Likewise,  t i l t i n g  of  t h e  f l o o r  o r  roof g ives  a  coupl ing f a c t o r  
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The l o s s  f a c t o r  f o r  a  d i s t a n c e  z is 
where we have r ep l aced  k3 by Lo. 
The l o s s  i n  dB i s  t h e r e f o r e  
On comparing equa t i on  (21) w i th  equa t i on  (31) w e  s e e  t h a t  whereas 
t h e  roughness l o s s  depends s t r o n g l y  on t h e  waveguide dimensions t h e  
tilt l o s s  i s  independent  of them. Another impor tan t  d i f f e r e n c e  i s  t h a t  
t h e  roughness i n c r e a s e s  w i t h  wavelength wh i l e  t h e  t i l t  l o s s  dec r ea se s .  
F igure  3 shows t h e  e f f e c t  on t h e  Eh mode propaga t ion  of adding 
t h e  l o s s  r a t e s  due t o  roughness and t i l t  t o  t h e  r e f r a c t i o n  l o s s  g iven  
i n  F igure  1. The curves  a r e  c a l c u l a t e d  f o r  a  r o o t  mean squa re  roughness 
of 4  inches  and f o r  v a r i o u s  assumed va lue s  of t h e  r o o t  mean squa re  t i l t  
ang l e  8. It i s  seen  t h a t  a v a l u e  8 = lo g ives  good agreement w i th  t h e  
exper imenta l  va lue s  measured by C o l l i n s  Radio Co. The e f f e c t  of t i l t  
i s  much g r e a t e r  t han  t h a t  of roughness.  
The r e s u l t s  i n d i c a t e  t h a t  f o r  a  1 4  f t .  x 7 f t .  t u n n e l  i n  a  medium 
of d i e l e c t r i c  cons t an t  10 t h e  optimum frequency i s  about  1 ,000 MHz. 
C .  Coupling of I n d i v i d u a l  Modes 
The d i f f u s e  r a d i a t i o n  method i s  a  convenient  f i r s t  approximat ion t o  
t h e  s o l u t i o n  of t h e  d i f f i c u l t  problem of  t h e  mutual  i n t e r a c t i o n s  of a l l  
t h e  a l lowed waveguide modes caused by i r r e g u l a r i t i e s  of t h e  waveguide 
w a l l s .  A s  a  f i r s t  s t e p  i n  t h i s  i n t e r a c t i o n  problem w e  have cons idered  
t h e  coupl ing  between t h e  ( 1 , l )  Eh and Ev modes due t o  l o n g i t u d i n a l  r i d g e s  
on t h e  roof  of t h e  t u n n e l .  The r e s u l t s  of t h e  c a l c u l a t i o n  are g iven  i n  
Appendix C .  
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V .  PROPAGATION AROUND A CORNER 
A s  mentioned e a r l i e r ,  s i g n a l  propagat ion from a main t unne l  around 
a  corner  i n t o  a  c ros s  t unne l  a r i s e s  from t h e  d i f f u s e  component t h a t  
accompanies t h e  E mode wave i n  t h e  main t unne l .  The i n t e n s i t y  I of 
h  d  
t h i s  d i f f u s e  component i n  t h e  main tunne l  r e l a t i v e  t o  t h e  i n t e n s i t y  I 
h 
of t h e  E mode i s  given by t h e  r e l a t i o n  h 
where Lhd is t h e  l o s s  r a t e  from t h e  Eh mode i n t o  t h e  d i f f u s e  component 
and Ld is t h e  l o s s  r a t e  of t h e  d i f f u s e  component by r e f r a c t i o n .  
To c a l c u l a t e  Ld approximately,  w e  t ake  t h e  l o s s  r a t e  t o  be t h a t  of 
an "average" ray  of t h e  d i f f u s e  component having d i r e c t i o n  cos ines  
( 1 3  1 , 1 3 ) .  Then 
where R i s  t h e  F r e s n e l  r e f l e c t a n c e  of t h e  average ray  a t  t h e  w a l l s  of t h e  
t unne l .  R is 0.28 f o r  t h e  case  K = K2 = 10.  Then f o r d  = 1 4  f t . ,  - 
1 1 d2 - 
7 f t . ,  z = 100 f t . ,  we f i n d  t h a t  L = 119 dB1100 f t .  This va lue  has  
d  
t o  be  co r r ec t ed  f o r  t h e  l o s s  of d i f f u s e  r a d i a t i o n  i n t o  c ros s  tunne ls  
which we assume have t h e  same dimensions a s  t h e  main tunne l  and occur 
every 75 f t . From r e l a t i v e  a r e a  cons ide ra t i ons  w e  f i n d  t h a t  t h i s  l o s s  is  
2 dB1100 f t .  The co r r ec t ed  va lue  is  t h e r e f o r e  
which is  independent of f requency.  
4.16 
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The l o s s  r a t e  Lhd i s  shown i n  Table I a s  a  func t ion  of frequency 
f o r  t h e  14  f t .  x  7 f t .  tunne l .  The va lues  a r e  t h e  sum of  t h e  roughness 
and tilt l o s s e s  c a l c u l a t e d  by equa t ions  (21) and (31) f o r  a  roughness of 
4  inch  r m s  and t i l t  of lo rms. The r a t i o  Id,main l1h, main , c a l c u l a t e d  
by equa t ion  (32) and expressed i n  dB, is a l s o  shown. It is  seen  t h a t  
t h e  d i f f u s e  component is  l a r g e r  a t  t h e  h ighe r  f r equenc i e s .  The reason 
is  t h a t  s c a t t e r i n g  ou t  of t h e  Eh mode due t o  t i l t  inc reases  w i th  f r e -  
quency . 
From s o l i d  angle  cons ide ra t i ons  (see Appendix D) one f i n d s  t h a t  t he  
f r a c t i o n  of d i f f u s e  r a d i a t i o n  i n  t h e  main t unne l  t h a t  e n t e r s  t h e  14 f t .  x  
7 f t .  a p e r t u r e  of t h e  c r o s s  t unne l  is  0.15 o r  -8.2 dB. The d i f f u s e  l e v e l  
j u s t  i n s i d e  t h e  a p e r t u r e  of t h e  c ros s  t unne l ,  r e l a t i v e  t o  t h e  Eh wave 
i n  t he  main t unne l  is  shown i n  t h e  l a s t  column of Table  I ,  which is 
obtained by s u b t r a c t i n g  8.2 dB from t h e  numbers i n  column 4. A d ipo l e  
antenna placed a t  t h i s  p o i n t  and o r i e n t e d  e i t h e r  h o r i z o n t a l l y  o r  v e r t i -  
c a l l y  responds t o  h a l f  of t h e  d i f f u s e  component o r  3  dB l e s s  than t h e  
f i g u r e s  i n  column 5 .  A t  1,000 MHz, f o r  example, t h e  s i g n a l  rece ived  by 
an antenna a t  t h i s  p o i n t  is  -30.2 dB r e l a t i v e  t o  t h a t  rece ived  i n  t h e  
main t unne l  wi th  t h e  antenna o r i e n t e d  h o r i z o n t a l l y .  A t  415 MHz t h e  
corresponding number is  -31.8 dB. These va lues  ag ree  moderately w e l l  
w i th  t h e  measurements of Co l l i n s  Radio Co. 
The d i f f u s e  r a d i a t i o n  t h a t  e n t e r s  t h e  c ros s  t unne l  decays a t  a  
r a t e  of 121  dB/100 f t . ,  according t o  t h e  r a t h e r  crude "average" ray  
approximation. This  means t h a t  a t  100 f t .  down t h e  c ros s  t unne l  t h e  
s i g n a l  l e v e l  a t  1,000 MHz should be  -151 dB. However, t h e  l e v e l  measured 
by C o l l i n s  Radio is about -68dB. W e  a t t r i b u t e  t h i s  l a r g e  d i f f e r e n c e  t o  
t h e  f a c t  t h a t  t h e  d i f f u s e  component i n  t h e  main t unne l  e x c i t e s  t h e  
mode i n  t h e  c ros s  t unne l ,  and t h a t  t h i s  mode t r a v e l s  down t h e  c ros s  
t unne l  w i th  much l e s s  a t t e n u a t i o n  than  t h e  d i f f u s e  component. 
To c a l c u l a t e  t h e  coupl ing of t h e  d i f f u s e  component i n  t h e  main 
t unne l  i n t o  t h e  Eh mode i n  t h e  c ros s  t unne l ,  w e  determine t h e  f r a c t i o n  
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TABLE l 
DIFFUSE RADIATION COMPONENT IN  MAIN TUNNEL 
AND AT BEGINNING OF CROSS TUNNEL 
f h Lhd Id, main Id, cross 
' E n  ' h 3  
(MHz) (F t . )  (dB/IOO f t . )  (dB) (dB) 
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( Ih ,  cross)  I ( I d ,  main ) of d i f f u s e  r ad ia t ion  leaving t h e  e x i t  ape r tu re  of t h e  
main tunnel  which l i e s  wi th in  the  s o l i d  angle of acceptance of the  % 
mode i n  t h e  cross tunnel .  The r e s u l t  ( see  Appendix D) i s  
This r a t i o  is given i n  dB i n  Table 11. 
The % l e v e l  i n  the  cross  tunnel  r e l a t i v e  t o  the  E l e v e l  i n  the h 
main tunnel  i s  found by adding column 2 i n  Table I1 and column 4 i n  
Table I. The r e s u l t  is  shown a s  ( I   cross/^^, main) i n  Table 11. 
h'  0 
A t  100 f t .  down t h e  cross  tunnel  we f i n d  the  corresponding r a t i o  by 
adding t h e  l o s s  r a t e  given i n  Figure 3 f o r  a tilt of lo. The r e s u l t  
is shown i n  t h e  l a s t  column of Table 11. The value of -70.1 dB a t  
1,000 MHz agrees very w e l l  with t h e  measured value of -68 dB. 
Our model of the  propagation around a corner i n t o  a c ross  tunnel  
the re fo re  cons i s t s  of a r e l a t i v e l y  s t rong  d i f f u s e  component a t  t h e  
beginning of t h e  cross  tunnel  a t  a l e v e l  of around -20 t o  -30 dB togeth- 
e r  with a much weaker $n mode a t  a l e v e l  of -50 t o  -80 dB, depending 
on frequency. These two components propagate down the  cross  tunnel 
with a very high l o s s  r a t e  of around 120 db/100 f t  . f o r  the  d i f f u s e  
component, and a very low l o s s  r a t e  f o r  the  Eh component. Therefore 
the  Eh component overtakes the  d i f f u s e  component a t  about 100 f t .  down 
the tunnel ,  while  t h e  r a d i a t i o n  changes i t s  charac ter  from almost com- 
p l e t e l y  unpolarized t o  very highly polar ized .  This desc r ip t ion  of the  
propagation is  i n  good genera l  agreement with measurement, a s  shown i n  
Figures 4 and 5.  
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TABLE ll  
EXCITATION OF Eh MODE IN CROSS TUNNEL 
BY DIFFUSE COMPONENT IN MAIN TUNNEL 
f lh, cross lh, cross Ih, cross 
(MHz) "3 ( d ~ )  (lhz)o (~~i;;iJ1oo~ 
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V I .  EFFECT OF ANTENNA ORIENTATION 
We now r e t u r n  t o  the  e f f e c t  on s i g n a l  l o s s  of the  o r i e n t a t i o n s  of 
the  t ransmi t t ing  and rece iv ing  antennas. I n  the  case of i d e n t i c a l  an- 
tennas the  p r i n c i p l e  of r ec ip roc i ty  s t a t e s  t h a t  the  VH and HV los ses  
a r e  equal ,  where the  f i r s t  and second l e t t e r s  s i g n i f y  the  o r i e n t a t i o n  of 
the  t ransmi t t ing  and rece iv ing  antennas , respect ive ly .  We w i l l  assume 
t h a t  the  a c t u a l  antennas a r e  s o  smal l  compared with t h e  dimensions of 
the  tunnel  t h a t  i n t e r a c t i o n s  with the  tunnel  a r e  n e g l i g i b l e  and there-  
f o r e  r ec ip roc i ty  is  s t i l l  v a l i d .  
We a l s o  invoke the  p r i n c i p l e  t h a t  a t  g rea t  d is tances  down the  tun- 
n e l  the  r a d i a t i o n  cons i s t s  of the  Eh mode together  with a  r e l a t e d  d i f f u s e  
component, f o r  e i t h e r  o r i e n t a t i o n  of the  t ransmi t t ing  antenna. 
From these  two p r inc ip le s  i t  follows t h a t  the  HV o r  VH l o s s  i n  dB 
i s  ha l f  way between HH and W l o s s e s ,  o r  t h a t  
Now we ob ta in  the  r e l a t i v e  l o s s  HV-HH by sub t rac t ing  3  dB from 
column 4 of Table I. The r e s u l t s  a r e  shown i n  Table I11 along with 
W-HH ca lcu la t ed  from ( 3 6 ) .  The l a s t  column i n  the  Table gives average 
experimental values of W-HH determined by Col l ins  Radio Co. Since 
no d a t a  were obtained by Col l ins  f o r  a  ho r i zon ta l  t ransmi t t ing  antenna 
a t  200 MHz, we have doubled t h e i r  reported value of -25 dB f o r  W-VH a t  
t h i s  frequency. 
Comparison of theory and experiment i n  Table I11 ind ica te s  t h a t  the  
average value of W-HH is  predic ted  q u i t e  w e l l  by the  theory but  the  
v a r i a t i o n  with frequency is not w e l l  predic ted .  The discrepancy may re- 
s u l t  from f a i l u r e  of the  r ec ip roc i ty  p r i n c i p l e  owing t o  the  f a c t  t h a t  
a  ~ / 4  groundplane t r ansmi t t ing  antenna was used whereas the  rece iv ing  
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TABLE I l l  
EFFECT OF ANTENNA ORIENTATION 
antenna was a s t anda rd  d i p o l e  antenna of t he  type normally used f o r  f i e l d  
s t r e n g t h  measurements. However, t h e  d a t a  f o r  415 MHz agree  w e l l  with t h e  
theory s i n c e  VH appears  t o  be  about halfway between HH and W over  a con- 
s i d e r a b l e  d i s t a n c e  down t h e  tunne l .  
V I I .  INSERTION LOSS 
Dipole o r  whip antennas a r e  t he  most convenient f o r  p o r t a b l e  r a d i o  
communications between i n d i v i d u a l s .  However, a cons iderab le  l o s s  of s i g -  
n a l  power occurs  a t  both t he  t r a n s m i t t e r  and r e c e i v e r  when s imple d ipo l e  
antennas a r e  used,  because of t h e  i n e f f i c i e n t  coupl ing of t he se  antennas 
t o  t h e  waveguide mode. The i n s e r t i o n  l o s s  of each antenna can be  calcu- 
l a t e d  by two methods. 
I n  t h e  f i r s t  method we make use of t h e  e f f e c t i v e  t r a n s m i t t i n g  o r  
r ece iv ing  a r e a  A of a half-wave d i p o l e  antenna which i s  given by 
a n t  
The coupl ing f a c t o r  C t o  t h e  Eh waveguide mode is  then ,  from (9) ,  
E cosk x c ~ s k ~ ~ d ~ l  2 
c = I J ~ a n t  o 1 
2 I E C O S ~ ~ X C O S ~ ~ ~  1 JAantd~ 
'Aguide o 
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where A is  t h e  a r e a  of c ross -sec t ion  of t he  waveguide. A t  f requenc ies  
guide 
on t h e  o rde r  of 1,000 MHz where t h e  wavelengths become smal l  compared t o  
t unne l  c ross -sec t ion  dimensions,  t h e  cos ine  f a c t o r s  of t h e  ( 1 , l )  Eh mode 
a r e  approximately zero  a t  t h e  wa l l s  of t h e  t unne l  and A << A a n t  guide ' 
Under t h e s e  condi t ions  (38) gives  approximately 
4Aant 2 " X o  c X- 2 "Yo C O S  (-) C O S  (-1 
Aguide dl d2 
f o r  a d ipo l e  cen te red  a t  x y i n  t h e  tunne l .  When t h e  d ipo l e  i s  p laced  
0 '  0 
a t  t h e  c e n t e r  of t h e  t unne l  (39) reduces t o  
I n  t h e  second method we make use of a s tandard  microwave c i r c u i t  
technique f o r  computing t h e  amount of power coupled i n t o  a waveguide 
mode by a probe. A half-wave d i p o l e  antenna cen te red  a t  x y i n  t h e  
0 '  0 
tunne l  and o r i e n t e d  i n  t h e  x-d i rec t ion  i s  approximated by a s u r f a c e  
cu r r en t  d i s t r i b u t i o n ,  and t h e  power coupled i n t o  t h e  ( 1 , l )  Eh mode by t h e  
cu r r en t  d i s t r i b u t i o n  i s  compared wi th  t h e  power r a d i a t e d  by the  d i p o l e  
i n  f r e e  space .  The coupl ing c o e f f i c i e n t  s o  ob ta ined  is  shown i n  
Appendix E t o  be 
x2  C = 0.52 - 2"X0 cos - 2 "Yo C O S  - 
dl d, d, d, 
which i s  numer ica l ly  equa l  t o  (39) ,  and t h e r e f o r e  t o  (40) ,  when t h e  
d ipo l e  i s  loca t ed  a t  t h e  c e n t e r  of t h e  t unne l  (xo = 
Yo 
= 0 ) .  
The i n s e r t i o n  l o s s  Li is then  
f o r  a d i p o l e  c e n t r a l l y  l oca t ed  i n  t h e  t unne l .  Table I V  g ives  va lues  
of Li f o r  va r ious  f r equenc i e s ,  f o r  a 14 f t .  x 7 f t .  tunne l .  
4.25 Arthur D Little, Inc. 
TABLE IV 
INSERTION LOSS (Li) 




It i s  seen t h a t  t he  i n s e r t i o n  l o s s  decreases  r ap id ly  wi th  increas-  
ing  wavelength, a s  one would expec t ,  s i n c e  the  antenna s i z e  occupies a  
l a r g e r  f r a c t i o n  of t h e  width of t h e  waveguide. The o v e r a l l  i n s e r t i o n  
l o s s ,  f o r  both antennas,  i s  twice the  va lue  given i n  t h e  Table.  A con- 
s i d e r a b l e  reduct ion  i n  t he  l o s s  would r e s u l t  i f  high gain antenna systems 
were used. 
V I I I .  OVERALL LOSS I N  A STRAIGHT TUNNEL 
The o v e r a l l  l o s s  i n  s i g n a l  s t r e n g t h  i n  a  s t r a i g h t  tunnel  i s  t h e  sum 
of t h e  propagat ion l o s s  and the  i n s e r t i o n  l o s s e s  of t he  t r a n s m i t t i n g  and 
r ece iv ing  antennas.  Table V l i s t s  t h e  component l o s s  r a t e s  f o r  t h e  Eh 
mode due t o  d i r e c t  r e f r a c t i o n ,  roughness, and tilt; t h e  t o t a l  propagation 
l o s s  r a t e ;  t h e  i n s e r t i o n  l o s s  f o r  two half-wave antennas;  and the  over- 
a l l  l o s s  f o r  t h r e e  d i f f e r e n t  d i s t a n c e s .  The r e s u l t s  a r e  a l s o  shown i n  
Figure 6 ,  where i t  i s  seen t h a t  t he  optimum frequency f o r  minimum over- 
a l l  l o s s  i s  t h e  range 500-1000 MHz,  depending on the  des i r ed  communica- 
t i o n  d is tance .*  
It is a l s o  of i n t e r e s t  t o  combine t h e  r e s u l t s  i n  Table V wi th  those  
i n  Table I V  t o  ob ta in  the o v e r a l l  l o s s  versus  d i s t ance  f o r  t h e  HH, HV 
f o r  VH), and VV antenna o r i e n t a t i o n .  In  o rde r  t o  compare the  t h e o r e t i c a l  
* For roving miner mobile app l i ca t ions  using po r t ab l e  t r a n s c e i v e r s ,  some 
frequency independent f a c t o r s  accounting f o r  p o l a r i z a t i o n ,  e f f i c i e n c y  
and fade margin l o s s e s ,  should a l s o  be  appl ied  t o  t h e s e  r e s u l t s ,  a s  
descr ibed i n  Appendix F, t o  o b t a i n  p r a c t i c a l  e s t ima te s  of communication 
range. 
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TOTAL LOSS FOR VARIOUS DISTANCES ALONG A STRAIGHT TUNNEL 
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Total Loss in dB 
8 rms = lo 
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Kl = K2= 10 
dl = 14 Ft., d2 = 7 Ft. 
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va lues  w i t h  t h e  exper imenta l  d a t a  of C o l l i n s  Radio Co., which a r e  ex- 
p ressed  w i th  r e f e r e n c e  t o  i s o t r o p i c  an tennas ,  we add 4.3  dB t o  t h e  
o v e r a l l  l o s s  c a l c u l a t e d  f o r  half-wave d i p o l e s .  The t h e o r e t i c a l  r e s u l t s  
f o r  t h e  t h r e e  d i f f e r e n t  antenna o r i e n t a t i o n s  f o r  f r equenc i e s  of 415 MHz 
and 1,000 MHz a r e  compared w i t h  t h e  exper imenta l  d a t a  i n  F igures  7 and 
8. It is  seen  t h a t  t h e  theory ag ree s  q u i t e  w e l l  w i th  t h e  gene ra l  t r e n d  
of t h e  d a t a .  The agreement could probably b e  improved by b e t t e r  choices  
of t h e  roughness and t ilt  parameters  h and 6 and by a more s o p h i s t i c a t e d  
t rea tment  of t h e  a t t e n u a t i o n  of t h e  d i f f u s e  component than  t h e  s imple  
1 I average ray" approach. 
I X .  OVERALL LOSS ALONG A PATH WITH ONE CORNER 
Table  V I  g ives  t h e  o v e r a l l  \ mode l o s s  f o r  a pa th  from one t u n n e l  
t o  ano the r ,  i nc lud ing  t h e  corner  l o s s  involved i n  r e - e s t a b l i s h i n g  t h e  
E mode i n  t h e  second tunne l .  The l o s s  is  t h e  sum of t h e  corner  l o s s ,  
h 
given i n  column 3 of Table  11 and r epea t ed  i n  Table  V I ,  and t h e  s t r a i g h t  
t unne l  l o s s  given i n  Table  V f o r  va r ious  t o t a l  d i s t a n c e s .  The r e s u l t s  
i n  Table  V I  a r e  f o r  t h e  ca se  of half-wave d i p o l e  t r a n s m i t t i n g  and 
r e c e i v i n g  antennas* and a r e  v a l i d  when n e i t h e r  antenna is w i t h i n  about 
100 f t .  of t h e  c o m e r .  The o v e r a l l  l o s s  is s m a l l e r  than  t h e  va lues  i n  
Table  V I  i f  t h e  r e c e i v i n g  antenna is  w i t h i n  t h i s  d i s t a n c e ,  owing t o  t h e  
presence of t h e  r a p i d l y  a t t e n u a t i n g  d i f f u s e  component t h a t  pa s se s  around 
t h e  corner .  From t h e  p r i n c i p l e  of r e c i p r o c i t y ,  t h e  same i s  t r u e  i f  t h e  
t r a n s m i t t i n g  antenna is w i t h i n  100 f t .  of t h e  c o m e r .  
The r e s u l t s  i n d i c a t e  t h a t  t h e  optimum frequency l ies i n  t h e  range 
400-1,000 MHz. However, i f  one i n s t a l l s  h o r i z o n t a l  half-wave resonant  
s c a t t e r i n g  d i p o l e s  w i th  45' azimuth i n  t h e  important  t unne l  i n t e r s e c t i o n s ,  
i n  o r d e r  t o  gu ide  t h e  \ mode around t h e  c o m e r ,  t h e  optimum may s h i f t  
t o  somewhat lower f r equenc i e s  s i n c e  a g r e a t e r  f r a c t i o n  of t h e  i n c i d e n t  
Eh wave w i l l  b e  d e f l e c t e d  by t h e  longer  low-frequency d i p o i e s .  
* A s  i n  t h e  s t r a i g h t  t u n n e l  c a se ,  r e f e r  t o  Appendix F f o r  t h e  a d d i t i o n a l  
l o s s  f a c t o r s  needed t o  e s t i m a t e  communication range f o r  rov ing  miner 
a p p l i c a t i o n s  us ing  p o r t a b l e  t r a n s c e i v e r s .  
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FIGURE 7 
OVERALL LOSS IN A STRAIGHT TUNNEL IN HIGH COAL 
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FIGURE 8 
OVERALL LOSS IN  A STRAIGHT TUNNEL IN HIGH COAL 
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TABLE VI  
OVERALL LOSS ALONG A PATH INCLUDING ONE CORNER 










Overall Loss (dB) 
500' 1000' 1500' 2000' 
177 205 232 259 
163 184 205 226 
147 162 177 192 
126 138 148 161 
120 152 184 216 
187 308 430 551 
X . CONCLUSIONS 
The k ind  of propagat ion model developed i n  t h i s  paper ,  involv ing  t h e  
( 1 , l )  Eh waveguide mode accompanied by a  d i f f u s e  component i n  dynamical 
equ i l i b r ium wi th  i t ,  seems t o  b e  necessary  t o  account f o r  t h e  many e f f e c t s  
observed i n  t h e  measurement of Co l l i n s  Radio Company: t h e  exponent ia l  
decay of t h e  wave; t h e  marked p o l a r i z a t i o n  e f f e c t s  i n  a  s t r a i g h t  t unne l ;  t h e  
independence of decay r a t e  on antenna o r i e n t a t i o n ;  t h e  absence of po la r -  
i z a t i o n  a t  t h e  beginning of a  c r o s s  t unne l ;  t h e  two-slope decay cha rac t e r -  
i s t i c  i n  a  c r o s s  t unne l ;  and o v e r a l l  frequency dependence. A l l  of t h e s e  
e f f e c t s  a r e  moderately w e l l  accounted f o r  by t h e  t h e o r e t i c a l  model. 
However, cons iderab le  ref inement  of t h e  theory  could be made by removing 
some of t h e  p re sen t  o v e r s i m p l i f i c a t i o n s ,  such a s :  t h e  assumption of 
p e r f e c t l y  d i f f u s e  s c a t t e r i n g  both  i n  t h e  main t unne l  and immediately around 
a  c o m e r  i n  a  c r o s s  t unne l ;  t h e  use  of  t h e  "average rayf f  approximation; 
and t h e  d e s c r i p t i o n  of t h e  propagat ion around a  c o m e r  i n  terms of  two 
asymptotes only.  
The l a s t  i t em p a r t i c u l a r l y  deserves  more a t t e n t i o n  s i n c e  we have not  
included t h e  conversion of t h e  d i f f u s e  component i n  t h e  t r a n s i t i o n  reg ion  
n e a r  t h e  beginning of t h e  c ros s  t unne l  i n t o  t h e  Eh mode. For t h i s  reason 
w e  t h i n k  t h a t  t h e  good f i t  of t h e  theory  t o  t h e  experimental  d a t a  i n  
F igures  4 and 5 may be  somewhat f o r t u i t o u s .  More d a t a  at  g r e a t e r  d i s t a n c e s  
down a c r o s s  t unne l  would be very  d e s i r a b l e  t o  s e t t l e  t h i s  ques t i on .  
Data covering a wider  frequency range i n  both main and c ros s  t unne l s  would 
a l s o  a l low a more s t r i n g e n t  test of t h e  theory .  
Arthur D Little, Inc. 
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APPENDIX A 
RAY METHOD 
1. Fresne l  Formulas 
For t h e  Eh mode t h e  r e f l e c t a n c e s  R1 and R2 of t h e  v e r t i c a l  and 
h o r i z o n t a l  w a l l s ,  r e s p e c t i v e l y ,  a r e  
d 2  1 s i ng2  + s i n  @2+K2-1 ( 
R9Eh = 
For t h e  Ev mode t h e  corresponding formulas a r e  
2 s i n @ 2  - 'sin @2+K2-1 I 
2. Loss Rates  
Table 1 A  g ives  c a l c u l a t e d  va lues  of g raz ing  a n g l e ,  number of 
r e f l e c t i o n s ,  r e f l ec t ance ,  and l o s s  f o r  t h e  Eh mode i n  a 14  x 7 high-coal 
t unne l  wi th  K1=K2=10. L1 and L2 are t h e  l o s s  rates a t  t h e  s i d e  w a l l s  
and a t  t h e  roof and f l o o r ,  r e s p e c t i v e l y .  
Arthur D Little, Jnc. 
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APPENDIX B 
WAVE METHOD 
1. (1 , l )  Eh and E, Modes 
The fundamental ( 1 , l )  Eh mode is approximately a TEM wave given by 
(9) and (10). The complete f i e l d  of t h i s  form i n  the tunnel  (-d1/2 ( x 
< d1/2, -d2/2 2 y 5 d2/2) , s a t i s f y i n g  Maxwell's equat ions,  is - 
Ex = Eo cos klx cos k2y e-ik3z (B1) 
i k  
E, = ---IEo s i n  k x cos k2y e-ik3z 
k3 1 
klk2 
% = =  Eo s i n  klx s i n  k2y e-ik3z 
Hy = 
(k12+k32) 
E, cos klx cos k2y e-ik3z 
~ ~ 0 ~ 3  
ik2 
Hz = -Eo cos k x s i n  k2y e-ik3z 1 where U"o 
Since the  wavelengths of i n t e r e s t  a r e  small  compared with t h e  tunnel  
dimensions, t he  wave vector  components k l  and k2 a r e  small  compared 
with kg,  which i s  c lose  t o  kO=2r/h. Therefore Hy reduces t o  t h e  expression 
given i n  (10) and E,, Hx, and Hz a r e  very small .  
I n  the  roof (y > d2/2) of d i e l e c t r i c  constant  K2, t h e  f i e l d  must - 
represent  an outgoing wave i n  the  y-direct ion and the re fo re  has t h e  
f o m  
Arthur D Little, lnc 
Ex = B cos k x e -ik2 ' y .-ik3z 
1 (B8) 
ikl t 
Ez = -B s i n  k  x  e4k2 Y e-j-kgz 
k 3  1 
(k32+k12) 
B cos k  x e-ik2'y e  
-ik3z 
Hy = 
~ ~ 0 ~ 3  1 
k2 ' 
H, = -B cos k  x e-ikz 'y  e-ik3z 
W l J - 0  1 
which s a t i s f i e s  Maxwell's equat ions .  Thewave number component k2 '  i n  
t h e  d i e l e c t r i c  i s  given by t h e  r e l a t i o n  
The boundary condi t ions  a t  y = d2/2 a r e  t h a t  t h e  t a n g e n t i a l  components 
of E  and H a r e  cont inuous.  These condi t ions  r equ i r e  t h a t  
k2d2 -ik2 ' d2 
Eo = cos (---) = B e  2  2  
and 
k2d2 - ik2  'd2 
k2E0 s i n  (-) = i k 2 '  B e 2 2 '  
from which we ob ta in  t h e  condi t ion  
k2d2 
2  
- i k 2 '  k2 t a n  -
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Since kl and k2 a r e  small  compared with ko we f i n d  from (B7) and (B14) 
t h a t  k2'  i s  given approximately by 
Therefore, from (B17) and (B18) we ob ta in  the  following mode condit ion 
f o r k 2 ,  f o r  modes t h a t  a r e  even funct ions  of y: 
k2d2 
k, t a n  -- 2 i ko m. 
Since k2d2/2 << 1 we f i n d  f o r  the lowest Eh mode 
This r e s u l t  shows t h a t ,  except f o r  a small imaginary p a r t ,  k2 has the  
same value  a s  f o r  a metal waveguide. The imaginary p a r t  a r i s e s  from 
the  power l o s s  due t o  t h e  outgoing r e f r a c t e d  wave. 
> I n  t h e  s i d e  wa l l  (x = d1/2), of d i e l e c t r i c  constant  K 1 ,  t he  f i e l d  
has the  form 
- A e-ikl 'x -ik3z 
Ex - cos k2y e 
kl' A e-ikl'x cos k2y e E, = - -ik3z 
k2 
ik11k2 - A e-ikl'x cos k2y e -ik3z 
H~ wuok3 
ik2  
Hz = - A e-ikl 'X s i n  k2y e -ik3z 
wl-lo 
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where 
Cont inu i ty  of t h e  t a n g e n t i a l  E f i e l d  g ives  t h e  condi t ion  
k l d l  
klEo s i n  (-) = i k l l  A e  
- i k l l  dl 
2  2  
Cont inu i ty  of Hy and HZ r e q u i r e s  t h a t  
hdl -ikl dl 
(k32+ k12) E, cos (-?--) = (k32+k1 ' 2, Ae .2- 
and 
kldl -ikl ' dl 
k2Eo cos (-) = k2 Ae 2 2 0330) 
S ince  (B29) and (B30) a r e  i n c o n s i s t e n t  we can only s a t i s f y  t h e  H 
boundary cond i t i on  approximately.  We n o t e  t h a t  s i n c e  K 1  >> 1, / kl l  I 
is of t he  same o rde r  a s  ko,  whereas 1 k2 1 is  much smal le r .  Therefore  
we may ignore  (B30) and a l s o ,  from (B7) and (B27) , w r i t e  
Then from (B28) and (B29) we o b t a i n ,  approximately,  
Again t ak ing  advantage of t h e  smallness  of k l  and k2 r e l a t i v e  t o  ko, we 
f i n d  f o r  t h e  lowest  Eh mode t h a t  
4.4Q 
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which shows t h a t  t he  mode shape i n  t h e  x-direct ion is a l s o  t h e  same a s  
f o r  a  metal  waveguide, except f o r  a  small  imaginary p a r t .  
On s u b s t i t u t i n g  f o r  kl and k2 from (B33) and (B34) i n t o  (B7) we 
f i n d ,  on neg lec t ing  second o rde r  terms, t h a t  t he  propagation cons tant  
i n  t h e  z -d i rec t ion  is  
The power l o s s  i n  dB f o r  t he  ( 1 , l )  Eh mode f o r  a  d i s t ance  z  i s  t h e r e f o r e  
We ob ta in  the  l o s s  f o r  t h e  ( 1 , l )  Ev mode by interchanging t h e  s u b s c r i p t s  
1 and 2 i n  (B36) : 
A s  a  check on these  formulas we f i n d  t h a t  exac t ly  t h e  same r e s u l t s  a r e  
obtained i f  one adds t h e  l o s s e s  f o r  two i n f i n i t e  s l o t  waveguides of 
s l o t  widths dl, d2 and d i e l e c t r i c  cons tants  K 1 ,  K2,  r e spec t ive ly .  The 
numerical r e s u l t s  given by (B36) and (B37) a l s o  agree w e l l  wi th  those 
given by t h e  r ay  method. 
2.  Higher Modes 
One can r e a d i l y  gene ra l i ze  (B36) and (B37) t o  t h e  case  of a  h igher  
mode (n1,n2) wi th  approximately n half-wave loops i n  t h e  x-d i rec t ion  1 
and n2 i n  t h e  y-d i rec t ion .  The r e s u l t s  a r e  
Arthur D Little, Inc. 
Table B 1  shows t h e  l o s s  r a t e s  f o r  a number of %odes f o r  f  = 1000 MHz, 
h= 0.98 f t ,  d l  = 14 i t ,  d2 = 7 f t ,  K1 = 10 ,  K2 = 1 0 ,  z = 100 f t .  It is  
t o  be noted t h a t  formulas (B38) and (B39) become inc reas ing ly  i nexac t  
as n 1  and n2 i n c r e a s e ,  s i n c e  our  approximations based on kl,  k2 << ko 
become p rog re s s ive ly  l e s s  v a l i d .  
TABLE B 1  
LOSS RATES FOR VARIOUS MODES 
L E ~  
( d ~ / 1 0 0  f t )  
LEV 
( d ~ / 1 0 0  f t )  
4.42 
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APPENDIX C 
COUPLING OF Eh AND Ev MODES 
We f i r s t  consider  t h e  Eh wave inc ident  a t  a  small  grazing angle 
$2 on a p e r f e c t l y  f l a t  and hor i zon ta l  p a r t  of the  roof of the  tunnel .  
The r e f l e c t e d  wave i s  then a l s o  polar ized  with t h e  E f i e l d  hor i zon ta l .  
I f  t h e  plane on the roof i s  l o c a l l y  ro ta t ed  through some angle about 
t h e  x-direct ion,  i . e . ,  about a  t ransverse  hor i zon ta l  a x i s ,  then t h e  
E-field i n  t h e  r e f l e c t e d  wave remains hor i zon ta l ,  from symmetry. 
Rotat ion about t h e  v e r t i c a l  y-direct ion a l s o  produces no e f f e c t  s ince  
the  plane of the roof remains unchanged. Rotation about t h e  z-d i rec t ion  
produced by longi tudinal  r idges  can however tilt t h e  E-field of t h e  
r e f l e c t e d  wave. Figure C 1  shows a c rossec t iona l  view of t h e  tunnel  
with the  roof ro ta t ed  through.an angle 8 around the  z-axis.  The E-field 
of t h e  inc iden t  wave i s  represented by E and t h a t  of t h e  r e f l e c t e d  wave 
i 
by Er ,  which is  t i l e d  by an angle 6 r e l a t i v e  t o  E We wish t o  ca l -  2 i* 
c u l a t e  62 i n  terms of 9 and the  grazing angle of incidence $ 
2 '  
Rela t ive  t o  axes x ' ,  y '  a t tached t o  the  ro ta t ed  por t ion  of t h e  
roof the  inc ident  E-field has components 
E i , Y  
, = -Ei s i n e .  
The r e f l e c t e d  f i e l d  has components 
E = Er cos (0-62) 
r , x '  
E , = - Er s i n  ( E I - ~ ~ ) .  
r , Y  
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FIGURE C1 INCIDENT AND REFLECTED FIELDS RELATIVE TO A ROTATED 
PORTION OF  THE ROOF OF  THE TUNNEL 
Arthur D Little Inc 
With respect  t o  t h e  roof the  x' components can be regarded a s  t h e  TE 
wave wi th  amplitude r e f l e c t i o n  rTE . Therefore 
2 
Likewise the  y '  components a c t  a s  a TM wave, s o  t h a t  
From (Cl) -(C6) we ob ta in  
r 
t a n  (8-A2) T"2 
This r e s u l t  shows t h a t  r o t a t i o n  of the  E-field occurs only because r 
TM 
i s  d i f f e r e n t  from rTE. 
The amplitude r e f l ec tances  r and r a r e  given i n  terms of t h e  
TE2 m 2  
grazing angle $ and the  d i e l e c t r i c  constant  K2 of t h e  roof by t h e  2 
Fresnel  formulas 
Arthur D Little, lnc. 
Equations (C7)-(C9) al low one t o  c a l c u l a t e  t h e  t i l t  angle  6 2  of t h e  
e l e c t r i c  f i e l d  of t h e  r e f l e c t e d  wave f o r  given va lues  of 0 ,  0 2  and K2.  
The corresponding equa t ions  f o r  t h e  e f f e c t  of t h e  s i d e  wa l l s  of t h e  
tunne l  a r e  
r t a n  (8-61) 
TE1 = -  
tan0 r 
TM1 
We have assumed f o r  s i m p l i c i t y  t h a t  t h e  rms r o t a t i o n  angle  0  is  the  same 
f o r  a l l  f ou r  w a l l s  of t h e  t unne l .  The angles  and +2 a r e  given by 
equa t ions  (1) and (2) .  
We know o b t a i n  an express ion  f o r  t h e  power coupl ing c o e f f i c i e n t  
between t h e  Eh and Ev modes. From a  r a y  p o i n t  of view t h e  f r a c t i o n  of 
2  2 
thepower coupled pe r  r e f l e c t i o n  is  s i n  6 f o r  t h e  s i d e  w a l l s  and s i n  6 1 2  
f o r  t h e  top  and bottom w a l l s .  The coupl ing c o e f f i c i e n t  per  f o o t  a long 
t h e  t unne l  i s  t h e r e f o r e  
N1 2 N2 2  a = - s i n  6 + - s i n  6 
hv z 1 z 2 
$1 2  = - $2 2 s i n  6 + - s i n  6 
dl d2 
2' 
where N and N 2 ,  t he  number of r e f l e c t i o n s  f o r  a  d i s t a n c e  z ,  a r e  given 1 
by (5) and ( 6 ) .  
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It is  t o  be noted t h a t  we have added the  cont r ibut ions  of t h e  var ious  
r e f l e c t i o n s  t o  a  incoherent ly ,  The reason is  t h a t  t h e  Eh and Ev modes 
hv 
a r e  orthogonal,  which means t h a t  the  var ious  cont r ibut ions  from one mode 
t o  the  o the r  have random phases. 
The r a t e  of change of the  i n t e n s i t y  Iv i n  the  Ev mode is  given by 
the  equation 
where Ih i s  the  i n t e n s i t y  of the  Eh mode and a i s  t h e  a t t enua t ion  co- v 
e f f i c i e n t  of the  Ev mode due t o  r e f r a c t i o n  l o s s ,  Now, a s  w i l l  be shown 
l a t e r ,  t he  coupling c o e f f i c i e n t  a  is  small compared wi th  the  l o s s  r a t e s  
hv 
ah and a of t h e  two modes. Therefore under s teady s t a t e  condit ions both v 
modes decay a t  a  r a t e  c lose  t o  a This means t h a t  h *  
Thus from (C14) we f ind  t h a t  
Table C 1  shows values of 61, 6 2 ,  a and I /I ca lcula ted  by the  fore- 
hv' v  h 
going equations f o r  t h r e e  values of the  rms r o t a t i o n  angle 8 of t h e  tunnel  
wal ls .  The measurements of Col l ins  Radio with t h e  rece iv ing  antenna f i r s t  
v e r t i c a l ,  then hor i zon ta l  i nd ica te  t h a t  I /I i s  i n  the  range -20 t o  -25 dB v h 
f o r  t h e  1000 and 415 MHz da ta .  Therefore i f  one assumes t h a t  t h e  measured 
Ev a r i s e s  e n t i r e l y  from coupling between t h e  two ( 1 , l )  modes, a  value of 
0 between l o 0  and 20' i s  needed t o  make t h e  theory agree with the  experi-  
mental da ta .  
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Coupling Between Eh and Ev modes 
e 61 62 Q a h a hv v Ih 
(deg) (deg)  (deg) ( d B / f t  .) (dB/f t .) ( d B / f t  .) (dB) 
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APPENDIX D 
PROPAGATION AROUND A CORNER 
1. Transmission of Diffuse Com~onent Around a Comer. 
To c a l c u l a t e  t h e  f r a c t i o n  of t h e  d i f f u s e  component i n  t h e  main 
tunnel  t h a t  goes around a c o m e r  i n t o  a c ross  tunnel ,  we use  r e s u l t s  
given i n  graphica l  form by Sparrow and ~ e s s ( ~ ) f o r  the  angle f a c t o r s  f o r  
d i f f u s e  r a d i a t i o n  t r a n s f e r  between rec tangular  a r e a s ,  on t h e  assumption 
t h a t  t h e  r a d i a t i o n  i n  t h e  main tunnel  is p e r f e c t l y  d i f f u s e .  In  t h e  
high coa l  case  of i n t e r s e c t i n g  tunnels  each of dimensions 14 f t  by 7 f t ,  
t h e  angle f a c t o r  between the  main-tunnel ape r tu re  1 and t h e  cross-tunnel 
ape r tu re  2 i s  
F1+2 (High Coal) = 0.15 = -8.2 dB (Dl) 
In  t h e  case of low-coal tunnels  of dimensions 14 f t  x 3.5 f t ,  t h e  
r e s u l t  i s  
Fl+2 (Low Coal) = 0.10 = -10 dB (D2) 
2 .  Exci ta t ion  of Eh Mode i n  Cross Tunnel by Diffuse Component i n  
Main Tunnel. 
Figure D l  dep ic t s  t h e  geometry used f o r  computing t h e  degree t o  
which t h e  Eh mode i n  t h e  main tunnel  couples t o  t h e  Eh mode i n  a 
c ross  tunnel .  Diffuse r a d i a t i o n  passing through a cross  s e c t i o n  A 
of t h e  main tunnel  has the  angular  d i s t r i b u t i o n  
Arthur D Little, Inc. 
Cross Tunnel 
FIGURE D l  GEOMETRY FOR COUPLING TO CROSS TUNNELS 
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where 
dP = power i n  element of s o l i d  angle dfi 
from element of a rea  dA 
0 = angle with normal t o  dA 
Po - t o t a l  d i f f u s e  power 
A = t o t a l  a rea  of c ross  sec t ion  
The power en te r ing  t h e  Eh mode i n  the  cross  tunnel  is  the re fo re  
where t h e  i n t e g r a t i o n  i s  taken over the  whole a rea  A of t h e  cross  
sec t ion  and over t h e  s o l i d  angle Q of t h e  mode. The f a c t o r  1 /2  allows 
f o r  t h e  hor i zon ta l  po la r i za t ion  of t h e  mode. 
dl and d2 being t h e  hor i zon ta l  and v e r t i c a l  dimensions of t h e  tunnel .  
Theref o re  
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Since  $1 and $2 a r e  smal l  t h e  con t r ibu t ions  of va r ious  elements dA a r e  
approximately equa l  s i n c e  shadowing e f f e c t s  can be neg lec t ed .  Therefore  
(D4) becomes 
The power r a t i o  of t h e  Eh mode i n  t h e  c r o s s  tunne l  and main t unne l  i s  
where Po i s  t h e  d i f f u s e  power l e v e l  i n  t he  main t unne l .  This  r e s u l t  
n e g l e c t s  any c o n t r i b u t i o n  from s c a t t e r i n g  by t h e  f l o o r  and roof of t he  
i n t e r s e c t i o n  a r e a  between t h e  two tunne ls .  
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APPENDIX E 
ANTENNA INSERTION LOSS BY CURRENT-DISTRIBUTION METHOD 
A half-wave d ipole  antenna centered a t  xo, yo i n  t h e  tunnel  and 
or iented  i n  the  x-direct ion i s  approximated by a su r face  current  
d i s t r i b u t i o n  
where u and u a r e  the  u n i t  impulse and s t e p  funci tons .  
0 -1 
For the  case of an i n f i n i t e  tunnel  extending t o  e i t h e r  s i d e  of the  
d ipo le ,  t he  t a n g e n t i a l  f i e l d  components take on the  usual  form 
- - 
e j k  = eojk 
cos k x cos k2y 1 
- 
where Z o j k y  Vkjky hojk and eojk a r e  the  c h a r a c t e r i s t i c  impedance, + and 
-wave vol tage  c o e f f i c i e n t s ,  and normalizat ion cons tants ,  r e spec t ive ly ,  
f o r  each waveguide mode. By matching the  t a n g e n t i a l  boundary condit ions 
over the  cross-sect ion containing the  d ipole  and s e l e c t i n g  the  dominant 
( 1 , l )  Eh mode cont r ibut ion  by using t h e  mode or thogonal i ty  p roper t i e s ,  
we ob ta in  
Arthur D Little, Inc. 

APPENDIX F 
EXPECTED COMMUNICATION RANGE 
BETWEEN TWO ROVING MINERS 
Communication can be maintained between two separated indiv iduals  
u n t i l  the separa t ion  d is tance  increases  t o  a poin t  where t h e  s i g n a l  
s t r eng th  i s  no t  s u f f i c i e n t  t o  overcome the background e l e c t r i c a l  noise .  
To obta in  es t imates  of t h i s  communication range f o r  a mobile app l i ca t ion  
involving roving miners equipped with por table  handy t a l k i e  t r ansce ive r s ,  
t h ree  frequency independent l o s s  f a c t o r s  should be added t o  the  values of 
o v e r a l l  l o s s  presented i n  Tables V and V I .  These f a c t o r s  a re :  -polari-  
za t ion  loss- to account f o r  l i k e l y  misalignment of t ransmit  and rece ive  
antennas, -antenna e f f i c i e n c y  loss- to  account f o r  the  non-ideal antenna 
i n s t a l l a t i o n  on handy t a l k i e s ,  and -fade margin-to account f o r  s i g n a l  
cance l l a t ion  e f f e c t s  due t o  des t ruc t ive  in t e r fe rence .  Nominal values 
which appear reasonable f o r  these  f a c t o r s  a r e  12dB, 4dB, and 12dB, 
r e spec t ive ly ,  r e s u l t i n g  i n  a t o t a l  of 28dB t o  be added t o  the  above 
mentioned values of o v e r a l l  l o s s .  By exe rc i s ing  care  i n  t h e  o r i e n t a t i o n  
and pos i t ion  of t h e  handy t a l k i e s  i n  the mine tunnel  cross-sect ion while  
communicating, these  po la r i za t ion  and s i g n a l  fading los ses  can of course 
be reduced, thereby producing a corresponding increase  i n  range. 
Representat ive values of r ece ive r  s e n s i t i v i t y  and t r a n s m i t t e r  power 
f o r  FM por table  handy t a l k i e s  i n  t h e  UHF 450-MHz band a r e  0.5 microvolt 
f o r  20dB of qu ie t ing  (-113 dBm i n t o  a 50-ohm input  r e s i s t ance )  and 2 wa t t s  
(33 dBm), r e spec t ive ly ,  r e s u l t i n g  i n  a t o t a l  allowable l o s s  of 146dB. 
I n  t h i s  frequency band measurements i n  mines have shown t h a t  t h e  i n t r i n s i c  
e l e c t r i c a l  noise  of t h e  UHF rece ive r  w i l l  predominate over e x t e r n a l l y  
generated e l e c t r i c a l  noise .  Using the above parameter values i n  conjunction 
with the  415-MHz o v e r a l l  l o s s  values presented i n  Tables V and V I  f o r  
s t r a i g h t  l i n e  t ransmission paths and paths inc luding one corner ,  p red ic t ions  
of communication range along haulageways and i n  working sec t ions  of mines 
can be ob ta ine4  a s  shown i n  Figure F1. Figure F1 i l l u s t r a t e s  the  coverage 
expected i n  a high-coal mine between a c e n t r a l l y  loca ted  miner with a handy 
t a l k i e  u n i t  and a second miner roving throughout a t y p i c a l  600 x 600 foot  
mine s e c t i o n  wi th  another u n i t  a t  an opera t ing  frequency of 415 MHz. 
4.55 
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When the  s i g n a l  must go around only one corner ,  s a t i s f a c t o r y  
communication can be expected over a  l i n e a r  d is tance  of approximately 
500 f e e t  down an e n t r y  and cross-cut .  When no comers  a r e  encountered, 
a s  i n  a  haulageway transmission pa th ,  s a t i s f a c t o r y  s t r a i g h t  l i n e  
communication can be expected over d is tances  i n  excess of 1500 f e e t .  
These rh--ce limits a r e  somewhat conservat ive e s t ima tes ,  and a s  mentioned 
above, can usual ly  be somewhat extended i f  the  handy t a l k i e s  a r e  ro ta t ed  
i n t o  the  hor i zon ta l  plane, pointed across  the  tunnel, and t r a n s l a t e d  a 
l i t t l e  t o  a  more favorable s i g n a l  s t r eng th  pos i t ion ,  thereby taking  f u l l  
advantage of the  dominant ho r i zon ta l  f i e l d  component and minimizing 
d e s t r u c t i v e  in t e r fe rence  e f f e c t s .  
W i r .  lisss coverage was est imated using t h e  415 MHz frequency r e s u l t s  
because the  450 MHz UHF frequency band i s  t h e  present  upper l i m i t  f o r  
commercially a v a i l a b l e  por t ab le  r ad io  t r ansce ive r s ,  and because operat ing 
frequencies near  400 MHz a r e  most favorable f o r  high-coal s e c t i o n  applica-  
t i o n s  where t ransmission paths t y p i c a l l y  include one c o m e r .  Addit ional  
information regarding the  p r a c t i c a l  app l i ca t ion  of UHF wire le s s  radio  
systems t o  mine haulageways and sec t ions  i s  given i n  a  paper coauthored 
by R. Lagace of ADL and H .  Parkinson of PMSRC e n t i t l e d  "Two-way Communica- 
t i o n s  with Roving Miners," and published i n  U.S. Bureau of Mines Informa- 
t i o n  C i rcu la r  No. 8635. 
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PART FIVE 
HOIST SHAFT MINE COMMUNICATIONS 
INTRODUCTION 
During t h e  summer of 1973 w e  were asked t o  perform a  t h e o r e t i c a l  
i n v e s t i g a t i o n  of  t h e  p r o p a g a t i o n  of low frequency (LF) r a d i o  waves down 
deep (10,000 f e e t )  h o i s t s h a f t s *  f o r  t h e  c a s e  where t h e  h o i s t  c a b l e  ("rope") 
is t h e  on ly  m e t a l  conductor  p r e s e n t .  P ropaga t ion  i s  by means of t h e  TEM 
c o a x i a l  mode of t r a n s m i s s i o n  i n  which t h e  h o i s t  c a b l e  s e r v e s  a s  t h e  i n n e r  
conductor  and t h e  su r rounding  rock a c t s  a s  t h e  o u t e r  conductor .  
S i n c e  t h e  rock i s  a  r e l a t i v e l y  poor  e l e c t r i c a l  conductor  t h e  c u r r e n t  
i n  t h e  o u t e r  conduc tor  of t h e  c o a x i a l  l i n e  i s  n o t  conf ined  t o  a  v e r y  t h i n  
s u r f a c e  l a y e r  a s  i n  a m e t a l  c o a x i a l  c a b l e ,  b u t  s p r e a d s  r a d i a l l y  t o  a  d i s -  
t a n c e  t h a t  i s  g e n e r a l l y  many t i m e s  t h e  s h a f t  d iamete r .  Th i s  f e a t u r e  of 
t h e  wave p r o p a g a t i o n  r e q u i r e s  a  more s o p h i s t i c a t e d  t h e o r e t i c a l  t r e a t m e n t  
than  t h e  approximate  sk in -dep th  t h e o r y  t:hat i s  adequa te  f o r  metal c o a x i a l  
l i n e s .  
I n  t h i s  P a r t  w e  t reat  t h e  h o i s t  s h a f t  wave p r o p a g a t i o n  l o s s ,  charac-  
t e r i s  t i c  impedance, and t h e  f i e l d  c u r r e n t  d i s t r i b u t i o n s  i n  t h e  su r rounding  
rock  medium. We a l s o  show t h a t  t h e  l a r g e  p e n e t r a t i o n  of t h e  wave i n t o  
t h e  rock o u t e r  conductor  does  n o t  p r e s e n t  a  d i f f i c u l t  problem w i t h  r e g a r d  
t o  coup l ing  t h e  t r a n s m i t t e r  o r  r e c e i v e r  t o  t h e  t r a n s m i s s i o n  l i n e  w i t h  a  
minimum of i n s e r t i o n  l o s s ,  b u t  t h a t  t h e  l a r g e  impedance mismatch caused 
by t h e  c a p a c i t a n c e  t e r m i n a t i o n  between t h e  cage and s h a f t  w a l l  may w e l l  
be  t h e  most s i g n i f i c a n t  c o n t r i b u t i o n  t o  o v e r a l l  sys tem l o s s .  I n d u c t i v e  
c o u p l i n g  and impedance matching t o  t h e  h o i s t  r o p e / s h a f t  t r a n s m i s s i o n  l i n e  
a r e  a l s o  t r e a t e d  b r i e f l y .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  a  broad min- 
imum i n  o v e r a l l  sys tem l o s s  shou ld  occur  between 100 kHz and 1 MHz, p o s s i b l y  
c e n t e r e d  around 300 kHz. F u r t h e r  work i s  needed t o  b e t t e r  q u a n t i f y  t h i s  
s i g n a l  l o s s  b e h a v i o r ,  compare i t  w i t h  h o i s t  s h a f t  e l e c t r o m a g n e t i c  n o i s e  
s p e c t r a l  d a t a  r e c e n t l y  a c q u i r e d  by NBS, and i d e n t i f y  t h e  most f a v o r a b l e  
o p e r a t i n g  f r e q u e n c i e s .  
*This work complemented t h e  hardware  development of a new h o i s t  r a d i o .  
sys tem f o r  deep s h a f t s  by C o l l i n s  Radio Co. under C o n t r a c t  H0232056 f o r  
t h e  Bureau of Mines. 
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I. THE MODE C O N D I T I O N  
We approximate t h e  a c t u a l  r ec t angu la r  s h a f t  by a  cy l inde r  of c i r c u l a r  
c ross -sec t ion  of r ad ius  - b conta in ing  a  s t e e l  cab l e  of r ad ius  - a along i ts  
a x i s .  The dominant mode of propagat ion i n  such a  t ransmiss ion  l i n e  has  
a  radial ly-symmetr ic  t r ansve r se  magnetic f i e l d  H which, f o r  a  < r 5 b 
8 - - 
has t h e  form 
where A and B a r e  a r b i t r a r y  cons t an t s  and J and Y a r e  f i r s t  o rder  1 1 
Bessel func t ions  of t h e  f i r s t  and second k ind ,  r e s p e c t i v e l y .  The r a d i a l  
and l o n g i t u d i n a l  wave v e c t o r  components k  and k s a t i s f y  t h e  condi t ion  r z  
where X i s  t h e  f r e e  space  wavelength. 
The e l e c t r i c  f i e l d  components a r e  given by t h e  c u r l  components 
which, from (1) and the  p r o p e r t i e s  of t h e  Besse l  func t ions ,  g ive  
ik, -.ik,z 
Er = - 
iw0 [AJl(krr) + BYl(+) I e  
The f i e l d s  given by ( I ) ,  ( 5 ) ,  and (6) r ep re sen t  an exac t  s o l u t i o n  of 
Maxwell's equa t ions .  
* References t o  F igu re s ,  Tables ,  and Equations apply t o  those  i n  t h i s  
P a r t  un l e s s  o therwise  no ted .  
*.a" 
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I n  t h e  conducting rock surrounding t h e  s h a f t  ( r  > b) t h e  r a d i a l  p a r t  
of t h e  s o l u t i o n  must correspond t o  an outgoing t r a v e l i n g  wave. The 
s o l u t i o n  t h e r e f o r e  has  t h e  form 
where H:~) and H:~) a r e  t h e  Hankel func t ions  given by 
C is an a r b i t r a r y  c o n s t a n t ,  E i s  t h e  complex p e r m i t t i v i t y  of t h e  rock ,  
and k r l  is given by t h e  r e l a t i o n  
where K = E / E ~  is  t h e  complex d i e l e c t r i c  cons tan t  of t h e  rock.  
A t  t h e  w a l l  of t h e  s h a f t  t h e  boundary condi t ions  t h a t  H and E a r e  con- 
8 z 
t inuous g ive  t h e  r e l a t i o n s  
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A t  t h e  i n n e r  conductor ( r = a ) t h e  conduct iv i ty  of t he  s t e e l  i s  s o  
high t h a t  t h e  boundary condi t ion  is  simply E = 0 .  Therefore  from 
z 
(61, 
Equations (13) ,  (14) ,  and (15) a r e  homogeneous i n  A ,  B and C .  The requi re -  
ment f o r  cons is tency  of t he se  equa t ions  g ives  t he  mode cond i t i on  
r -1 
Equations (16) ,  (2) and (12) determine e x a c t l y  t h e  allowed va lues  of 
k r ,  k Z  and k t r  f o r  a l l  modes of propagat ion having a t r a n s v e r s e  a x i a l l y -  
symmetric magnetic f i e l d .  We a r e  only i n t e r e s t e d  i n  t h e  lowest  such mode, 
which approximates a TEM mode. 
11. PROPAGATION LOSS 
For f requenc ies  i n  t h e  range 20-200 kHz, k r a ,  k b and k ' rb  a r e  a l l  sma l l  r 
q u a n t i t i e s .  Therefore  t h e  Besse l  func t ions  i n  (16) can b e  approximated 
by t h e  f i r s t  terms i n  t h e i r  s e r i e s  expansions,  namely 
2 
y0(x) = - ( log  x + 0.577 - l og  2) 
TT 
2 
Y1(x) = - - 
TTX 
2 i  
H = 1 - - ( l o g  x + 0.577 - l o g  2) 
n T 
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Equation (16) then reduces t o  
'1 
7rikrtL 
k 2 =  
b 
2i ( l og  k r t b  + 0.577 - l o g  2 ) ]  [ l  - - r 7~ (23) 
2K l o g  - 
a 
The d i e l e c t r i c  cons t an t  of a conducting medium is given approximately 
by t h e  r e l a t i o n  
For t h e  case  a = 0.01  mho/m and f = 50 kHz, K = -3597 i. Therefore  
from (12 ) ,  t o  a very  good approximation, 
s i n c e  k is of t h e  same o rde r  a s  k and can t h e r e f o r e  b e  neglec ted  r o 
compared wi th  K k 2 .  On s u b s t i t u t i n g  t h i s  va lue  of k r v 2  i n t o  (23) , and 
0 rl 
L 
then  s o l v i n g  (2) f o r  kZ  , w e  f i n d  t h a t  
k 2 = k 2  [ l -  7Ti -  
z o b ( l o g k o b * + 0 . 5 7 7  - l o g 2 )  (26) 
2 l o g  
b 
l o g  - 
a 




1.047 x 10 m 
4 f t .  = 1 .2  m 
0.875 i n .  = 0.0222 m 
C.01 mho/m 
8.85 x 10-l2 farad/m 
-3597 i 
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Then w e  f i n d  
For a 10,000 f o o t  s h a f t  (3050m), t h e  propagat ion l o s s  i s  t h e r e f o r e  
111. SURFACE IMPEDANCE METHOD 
An a l t e r n a t i v e  way t o  c a l c u l a t e  t h e  propagat ion l o s s  is by means 
of t h e  s u r f a c e  impedance Z of t h e  w a l l  of t h e  s h a f t  which is def ined  
S 
From (7) and (9) t h i s  becomes 
With t h e  same approximations a s  be fo re  t h i s  becomes 
- -  koL 
Zs 4wco ( log  kob&+ 0.577 - l o g  2 ) ]  IT 
W e  now i n s e r t  Z a s  a s e r i e s  impedance i n t o  t h e  u s u a l  t ransmiss ion  
S 
l i n e  formula f o r  t h e  propagat ion cons t an t :  
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I t o  o b t a i n  t h e  formula 
where w e  assume t h a t  t h e  r e s i s t a n c e  R pe r  u n i t  l eng th  of t h e  i n n e r  con- 
duc tor  i s  n e g l i g i b l e  compared w i t h  Z and t h a t  t h e r e  i s  no shunt  con- s 
ductance . 
Since 
Equation (31) becomes 
kL' L 
where uo = 4nx10-~  henry/m. 0  WE^'-'^' 
2 2 2 r i w ~  Z 0 S k = k  - z o b l og  - 
a 
This  formula becomes i d e n t i c a l  w i th  Equation (26) when t h e  express ion  (29) 
i s  s u b s t i t u t e d  f o r  Z . 
s 
( Table 1 gives  va lues  of Z c a l c u l a t e d  by means of Equation (29) f o r  S 
f requenc ies  i n  t h e  range 30-3,000 kHz and c o n d u c t i v i t i e s  i n  t h e  range 
t o  10-I mho/m. It is of i n t e r e s t  t h a t  t h e  r e a l  p a r t  of t h e  s u r f a c e  
(impedance R = wpo/8, is  independent of t h e  conduc t iv i t y  and t h e  r a d i u s  
S 
lof t h e  s h a f t .  The v a l u e  of Zs f o r  3,000 kHz and 0 .01  mho/m is somewhat 
1 u nce r t a in ,  s i n c e  t h e  approximations used a r e  n e a r  t h e  l i m i t  of t h e i r  
l v a l i d i t y  f o r  t h e s e  va lues .  
Arthur D Little, lncl 
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The r e s i s t a n c e  of the  s t a i n l e s s  s t e e l  center  conductor of radius  
0.0222m and conductivi ty l o6  mho/m i s  given i n  Table 2 .  The r e s u l t s  
inc lude  the  e f f e c t  of the  s k i n  depth of penet ra t ion  i n t o  the  cable.  It 
i s  seen t h a t  the  cable r e s i s t a n c e  i s  small  compared with the  r e a l  p a r t  
of t h e  su r face  impedance given i n  Table 1 a t  a l l  f requencies ,  and there- 
f o r e  has l i t t l e  e f f e c t  on propagation l o s s .  
Table 2 
Resistance of Center Conductor f o r  
6 
a = .0222m, a = 10 mho/m 
Table 3 gives the propagation l o s s  i n  dB f o r  t h e  same range of 
frequency and conduct iv i ty ,  ca l cu la t ed  by means of Equation (36) f o r  
a 10,000 foo t  s h a f t .  It is  seen t h a t  the  l o s s  is  very low a t  30 kHz 
and q u i t e  moderate a t  300 kHz. However the  l o s s  i s  excessive a t  3,000 
kHz. It i s  t o  be noted t h a t  the  l o s s  is almost independent of conductivi ty.  
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Table 3 
Propagation Loss, L (dB) 
( f o r  b = 1.2m, a = 0.0222m, z = 3050m) 
.- 
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I V .  CHARACTERISTIC IMPEDANCE 
The c h a r a c t e r i s t i c  impedance of a t ransmission l i n e  is  given by the  
expression 
In  t h e  case  of the  s h a f t  t ransmission l i n e  G = 0 and R = Z s ,  which i s  
the  su r face  impedance given by Equation (29) o r  Table 1. Then (37) 
becomes, 
where L and C a r e  given by (33) and (34). 
For f = 100 kHz and o = mho/m, we f ind  t h a t  Z, = 0.0986 + 
0.44021 ohm/m, iwL = (0.501) i ohm/m, ioC = (8.76 x 10%) i(ohm/m)-l, 
and Zo = 327 - 17 i ohms. For 0 = mho/m, we get :  
Table 4 
C h a r a c t e r i s t i c  Impedance 
( f o r  mho/m, b-1.2 m,  a=0.0222 m) 
zo 
(ohms) 
For comparison, Zo = 239 ohms f o r  an al l -metal  t ransmission l i n e  with the  
same dimensions. 
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V .  CURRENT DISTRIBUTION I N  THE SURROUNDING MEDIUM 
From Equation ( 7 )  t h e  magnetic f i e l d  i n  the  rock i s  given by 
H ~ ( ~ )  (kr r )  
H , ( ~ )  (kr 'b) 
The current  dens i ty  is  the re fo re  given by 
Although kt r is  smal l  compared with 1 a t  t h e  w a l l  of the  s h a f t ,  t h i s  r 
is  not  t r u e  f o r  l a r g e r  values of r where the  cu r ren t  dens i ty  is s t i l l  
appreciable.  Therefore we cannot now use only t h e  f i r s t  term of the  
expansion of the  Hankel funct ion .  However, s ince ,  from (24) and (25),  
I 
kr 
has equal  r e a l  and imaginary p a r t s ,  we can w r i t e  
and use the  tabula ted  funct ions* k e r  (x) and ke i (x)  t o  obta in  t h e  
r e a l  and imaginary p a r t s  of t h e  Hankel funct ion .  The r e l a t ionsh ips  a r e  
where 
* Handbook of Mathematical Functions, Ed. M e  Abramowitz and I . A .  Stegun, - 
National  Bureau of Standards, U.S. Department of Commerce, June 1964, 
p. 431. 
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from (41) above, s o  t h a t  
JZ(x)  = J r e a l  (x) + iJ  imag (x) 
where J (x) a ke r (x )  and J real 
Of p a r t i c u l a r  i n t e r e s t  t o  t h e  coupl ing of s i g n a l s  t o  t h e  s h a f t  i s  
t h e  cumulative d i s t r i b u t i o n  of v e r t i c a l  c u r r e n t  i n  t he  rock a s  a  func t ion  
of r a d i a l  d i s t a n c e ,  r .  
Therefore  we have computed the  dimensionless  q u a n t i t y  
2 2 
I ( x )  = 'I r e a l  + I imag 
which is p r o p o r t i o n a l  t o  I ( r ) ,  where z  
and 
x x J (x) dx r e a l  
' real  = 1 
Xo Xo J r e a l  (x,) 
x J (x) dx =I x imag Iimag o J r e a l  (xo) 
0 
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X J  (x> X J  r e a l  imag (xj 
The q u a n t i t i e s  - and - , which a r e  propor t ional  
X o  J r e a l  (x0) 
X 
o J r e a l  ( xo) 
t o  t h e  r e a l  and imaginary p a r t s  of t h e  current  flowing i n  an annulus of 
i n f i n i t e s i m a l  width dx a t  radius  x, a r e  p l o t t e d  i n  Figure 1, while the  
quant i ty  I ( x )  i s  p l o t t e d  i n  Figure 2. 
I n  each p l o t ,  the  dimensionless radius  of t h e  s h a f t  wa l l ,  xo, has 
been s e t  equal  t o  0.1. I n  view of equation (50), f o r  a  s h a f t  radius  
b = 4 f e e t  = 1.2 meters,  x = 0 .1  corresponds t o  a  k r = 0.083 m - l .  Since 
i o  
k = ko ~ l q a n d  k = - - t h i s  means t h a t  f o r  a  rock conductivi ty o = 
WE, u 
0.01 mho/m, the  corresponding frequency is  equal t o  87 kHz and K = -20671. 
Other combinations of f ,  o ,  and b w i l l  produce d i f f e r e n t  values of xo. 
V I .  COUPLING TO THE TRANSMISSION LINE 
The o v e r a l l  communication e f f i c i e n c y  between t r ansmi t t e r / r ece ive r  
u n i t s  loca ted  on the  sur face  and i n  t h e  cage w i l l  be inf luenced no t  only 
by the  l i n e  a t t enua t ion  l o s s .  It w i l l  a l s o  depend on t h e  l o s s e s  caused 
by the  methods used t o  e s t a b l i s h  t h e  r e tu rn  cu r ren t  path i n  t h e  rock, and 
more important ly on the  l o s s e s  due t o  impedance mismatches and standing 
waves. These l a t t e r  lo s ses  w i l l  be caused by t h e  high impedance capaci- 
t i v e  terminat ion a t  the  cage end of the  l i n e ,  t h e  low res i s t ance  sheave 
wheel grounding terminat ion on the  su r face ,  and the  couplers used t o  
induct ive ly  couple s i g n a l s  onto the  t ransmission l i n e  v i a  the  h o i s t  rope. 
A ,  S p a t i a l  Coupling Factors  f o r  the  Return Paths.  
Examination of Figure 2 r evea l s  t h a t  the  r e tu rn  current  i s  widely 
d i s t r i b u t e d  i n  the  rock f o r  t y p i c a l  values of b = 1.2m, o = 0.01 mho/m, 
and f  = 87 kHz. A t  f i r s t  t h i s  would seem t o  imply t h a t  low l o s s  coupling 
from the  t r a n s m i t t e r  i n t o  t h e  fundamental t ransmission-l ine mode requ i re s  
a  system of return-current  e l ec t rodes  implanted i n  t h e  ground over a  c i rcu-  
l a r  a rea  of diameter equal  t o  about 10-20 ho i s t - sha f t  diameters.  We w i l l  
now show, however, t h a t  t h e  l o s s  is  a c t u a l l y  q u i t e  small  even when t h e  a rea  
covered by t h e  e l ec t rodes  i s  only comparable with the  cross-sec t ional  a r e a  
of t h e  s h a f t  i t s e l f .  
5.14 
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FIGURE 1 DIMENSIONLESS CURRENT FACTORS FOR ANNULUS AT RADIUS X 
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X 
FIGURE 2 DIMENSIONLESS CUMULATIVE CURRENT I(x) VERSUS x 
24, s* 
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The argument is  t h a t  we can d iv ide  t h i s  coupling problem i n t o  two 
p a r t s ,  t h e  f i r s t  being concerned with current  flow from an e l ec t rode  out 
t o  about one skin-depth, and the  second having t o  do wi th  t h e  t r a n s i t i o n  
from t h i s  region,of  e s s e n t i a l l y  sphe r i ca l  spreading (or  converging) of 
t h e  cu r ren t , to  t h e  region of t ransmission-l ine propagation beyond one 
skin-depth, i n  which t h e  current  flow is  mainly i n  t h e  z-d i rec t ion .  
I n  t h e  f i r s t  region t h e  current  flow p a t t e r n  is  approximately l i k e  
t h a t  of d i r e c t  cu r ren t  from a hemispherical e l ec t rode  embedded i n  a  semi- 
i n f i n i t e  r e s i s t i v e  medium, with i t s  f l a t  face  f l u s h  wi th  t h e  su r face  of 
t h e  medium. The cu r ren t  flow i n  t h i s  case is  radial,  and t h e  t o t a l  r e s i s t -  
tance t o  flow is  cont r ibuted  almost e n t i r e l y  by t h e  volume wi th in  a  few 
hemisphere r a d i i .  The spreading r e s i s t a n c e  is  
where a  is  the  radius  of t h e  hemisphere and a i s  the  conduct iv i ty  of t h e  
0 
rock. 
The spreading r e s i s t a n c e  is  not  very s e n s i t i v e  t o  t h e  exact  e l ec t rode  
shape. A shape of i n t e r e s t  i n  t h e  h o i s t  problem, a t  both t h e  t r a n s m i t t e r  
and rece ive r ,  is  t h a t  of a  hollow c y l i n d r i c a l  e l ec t rode  of length  2 i n  
contac t  wi th  t h e  w a l l  of t h e  s h a f t .  I n  p r a c t i c e ,  such an e l ec t rode  a t  
t he  sur face  end of t h e  s h a f t  w i l l  most l i k e l y  be approximated by th ree  
o r  more roof b o l t s  connected i n  p a r a l l e l  and driven i n t o  the  w a l l  of t h e  
s h a f t ,  equal ly  spaced around i t s  perimeter .  A t  t h e  cage end, t h e  
"electrode" w i l l  be a  c y l i n d r i c a l  capaci tance "connection" formed by t h e  
a i r  space between t h e  ou te r  wa l l s  of the  cage and the  wa l l s  of t h e  s h a f t .  
A t  t h e  t r a n s m i t t e r ,  t he  cyl inder  w i l l  a c t  approximately l i k e  t h e  above 
mentioned hemisphere having the  same a rea  of curved su r face  a s  the  
cyl inder .  The equivalent  hemispherical r ad ius  i s  then 
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where b is  t h e  s h a f t  r ad ius .  For o = 0.01 mho/m, b = 1 . 2  m, R = 3 m, we 
f i n d  from (51) and (52) t h a t  Rs i s  only  8.4 ohms. This  r e s i s t a n c e  is i n  
series wi th  t h e  c h a r a c t e r i s t i c  impedance of  t h e  t ransmiss ion  l i n e ,  which 
has  a r e a l  p a r t  of about 300 ohms. Therefore ,  f o r  a = . O 1  ohm/m, t h e  
spreading  r e s i s t a n c e  has  n e g l i g i b l e  e f f e c t .  For o = .001 ohm/m, Rs i s  
84 ohms, and should be  allowed f o r  i n  t h e  design of t h e  d r i v i n g  c i r c u i t .  
A t  t h e  r e c e i v e r  t h e  equ iva l en t  shpere  r ad ius  i s  a. = J b n  bu t  t h e  
spreading  r e s i s t a n c e  is  now 1 / ( 4 r a o o ) .  Thus, t h e  spreading  r e s i s t a n c e  i s  
lowered by a f a c t o r  of 2 .  This  r e s i s t a n c e  is i n  series wi th  t h e  capaci-  
t i v e  r eac t ance  between t h e  cage and t h e  s h a f t  w a l l  a s  w e l l  a s  w i th  t h e  
c h a r a c t e r i s t i c  impedance of t h e  t ransmiss ion  l i n e .  
W e  now t u r n  t o  t h e  t r a n s i t i o n  from s p h e r i c a l  spreading  t o  t h e  t r ans -  
mission l i n e  mode of c u r r e n t  flow. For s i m p l i c i t y  we assume t h a t  t h e  
t r a n s i t i o n  occurs  sharp ly  a t  t h e  plane z = 6 ,  where 6 i s  t h e  skin-depth 
given by t h e  formula 
For t h e  va lues  f  = 87 kHz and o = 0.01 mho/m corresponding t o  b = 1.2  m 
and x = 0.1,  a s  i n  F igures  1 and 2 ,  w e  f i n d  t h a t  6 = 1 7  m. 
0 
I n  t h e  spher ica l - spreading  reg ion  t h e  c u r r e n t  d e n s i t y  depends on t h e  
s p h e r i c a l  r a d i u s  r according t o  t h e  r e l a t i o n  
S 
where A is  an a r b i t r a r y  cons t an t .  On t h e  p lane  z = 6 t h e  z = component 
of j i s  given by 
A6 
j Z ( r )  = (62 + r2)3/2,  
where r i s  t h e  c y l i n d r i c a l  r a d i a l  coord ina te .  
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We regard  j ( r )  a s  d r i v i n g  t h e  va r ious  modes of  t h e  t ransmiss ion  l i n e .  z  
The power coupl ing cons tan t  C f o r  t h e  fundamental TEM mode i s  given by t h e  
formula 
JZ* jz  r d r  
where JZ is  t h e  z - component of c u r r e n t  d e n s i t y  i n  t h e  t r ansmis s ion  l i n e  
mode. The numerator i s  t h e  ove r l ap  i n t e g r a l  between J and j . The z  z  
i n t e g r a l s  i n  t h e  denominator a r e  normalizing f a c t o r s .  It i s  seen  t h a t  
when jZ has  t h e  same r-dependence a s  J C = l .  On t h e  o t h e r  hand, when 
Z '  
jz  is  or thogonal  t o  J C=O. z '  
On changing t o  t h e  dimensionless  v a r i a b l e  x  given by (44) and sub- 
s t i t u t i n g  from (40) f o r  J Z ( r )  and from (55) f o r  jZ we f i n d  approximately 
on exp re s s ing  t h e  r e s u l t  i n  terms of t h e  k e r  and k e i  func t ions  
(Equations 42 and 43) ; 3 
ke r (x )  xdx k e i ( x )  xdx 
C = (57) Im x [(ker(x)12 + ( k e i ( x ) ) ~ ]  xdx 
0 
On t ak ing  xo = 0 .l, 6 = 17 m,  and b = 1 .2  m,  we f i n d  by numerical  i n t eg -  
r a t i o n  of t h e  i n t e g r a l s  i n  (57) t h a t  C = 0.7 = -1.5 dB. 
Therefore ,  t h e  i n i t i a l  s p h e r i c a l  spreading  of t h e  c u r r e n t ,  over  a  
d i s t a n c e  of t h e  o r d e r  of  a  s k i n  depth (from r e l a t i v e l y  smal l  e l e c t r o d e s  
such as t h e  above mentioned c y l i n d r i c a l  e l e c t r o d e  approximations f o r  t h e  
s u r f a c e  ground connect ion and t h e  cage c a p a c i t i v e  coupl ing geometr ies)  
y i e l d s  a  c u r r e n t  d i s t r i b u t i o n  t h a t  matches t h e  fundamental mode shape 
q u i t e  w e l l ,  thereby c o n t r i b u t i n g  only  a  very smal l  l o s s  f a c t o r .  Taken 
toge the r  w i th  t h e  r e l a t i v e l y  s m a l l  sp read ing  r e s i s t a n c e  e f f e c t s ,  t h e  
l o s s e s  due t o  s p a t i a l  coupl ing f a c t o r s  f o r  t h e  r e t u r n  cu r r en t  pa th  w i l l  
no t  be  major c o n t r i b u t o r s  t o  o v e r a l l  system l o s s  a t  t h e  f requenc ies  of  
i n t e r e s t .  
5.19 
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B . Caee C a ~ a c i t  i v e  Termination 
F i r s t  order  ca lcu la t ions  f o r  the  cage-to-shaft-wall capaci tance y i e l d  
values between 110 and 460 p f .  The smaller  of these  va lues  i s  the  f r e e  
space capaci tance of a one-meter radius  conducting sphere,  while t h e  
l a r g e r  is the  capci tance between a 5.5 x 5.5 x 13 foo t  conducting box 
placed i n  an 8.8 x 8.8 foo t  conducting enclosure,  neglec t ing  f r ing ing  
e f f e c t s .  Choosing a nominal capaci tance value equal  t o  the  geometric 
mean, 224 p f ,  we ob ta in  t h e  following capaci t ive  reactance values over 
the  frequency range of i n t e r e s t  ( see  Table 5 ) .  
Table 5 
C a ~ a c i t i v e  Reactance of Caee Termination 
( f o r  C = 224 p f )  
xc 
(Ohms) 
A t  f requencies below about 100 kHz, t h i s  reactance i n  s e r i e s  with 
t h e  nominal 300 ohm c h a r a c t e r i s t i c  impedance of the  l i n e s  w i l l  produce 
a l a r g e  mismatch and standing wave vol tage  and current  v a r i a t i o n s  down 
the  s h a f t .  It w i l l  a l s o  produce s u b s t a n t i a l  reductions i n  t h e  s i g n a l  
vol tages  appearing across  the  t r ansmi t t e r / r ece ive r  u n i t s ,  which a r e  
i n  s e r i e s  wi th ,  and of considerably lower impedance than,  the  capac i t ive  
reactance of the  cage a t  these  frequencies.  Two p o t e n t i a l  so lu t ions  t o  
these  problems a r e  t o  r a i s e  t h e  impedance l e v e l s  of the  t r a n s m i t t e r /  
r ece ive r  u n i t s  and t o  r a i s e  the  operat ing frequency. The l a t t e r  so lu t ion  
a l s o  he lps  t o  achieve the  former, a s  w i l l  be discussed b r i e f l y  i n  t h e  
next sec t ion  . 
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C .  I nduc t ive  Coupling and Impedance Matching t o  t he  Hois t  Rope. 
Since i t  is  no t  f e a s i b l e  t o  p l ace  a break i n  t h e  h o i s t  rope t o  i n s e r t  
t h e  s u r f a c e  and cage t r a n s m i t t e r l r e c e i v e r  u n i t s ,  t h e  s i g n a l s  must be i n -  
d u c t i v e l y  coupled onto  and o f f  t h e  h o i s t  r o p e l s h a f t  t ransmiss ion  l i n e .  
One way t o  accomplish t h i s  i s  through t h e  use  of f e r r i t e  o r  powdered i r o n  
t o r o i d a l  core  c o u p l e r / i s o l a t o r s  s i m i l a r  t o  t he  one descr ibed  i n  Chapter I1 
of P a r t  S i x  of t h i s  Volume, and shown i n  F igures  1 and 6 of t h a t  Chapter.  
I n  P a r t  S ix ,  t h e  t o r o i d a l  c o u p l e r / i s o l a t o r  wi th  i t s  a s s o c i a t e d  c a p a c i t o r  
is  placed around t h e  t r o l l e y  po l e  drop w i r e ,  a s  shown i n  F igure  1 A  of  
Chapter 11, t o  add impedance i n  s e r i e s  wi th  t he  t r o l l e y  motors a t  t h e  
t r o l l e y  w i r e  c a r r i e r  phone frequency of 88 o r  100 kHz. This  is  t o  prevent  
t h e  t r o l l e y  motors from a c t i n g  as a s i g n a l  "shor t s"  ac ros s  t h e  t r o l l e y  w i r e  
t ransmiss ion  l i n e .  It a l s o  provides  an a l t e r n a t i v e  method f o r  coupl ing 
t h e  c a r r i e r  phone t o  t h e  t r o l l e y  wi re  t ransmiss ion  l i n e .  The c a p a c i t o r  
and o p t i o n a l  r e s i s t o r  shown i n  t h e s e  f i g u r e s  a r e  used t o  tune t h e  t o r o i d a l  
core  i s o l a t o r  and a d j u s t  i t s  Q ,  t o  ob t a in  t h e  d e s i r e d  impedance l e v e l  and 
i s o l a t o r  s e l e c t i v i t y  a t  t h e  frequency of i n t e r e s t .  
This  type of t o r o i d a l  c o u p l e r / i s o l a t o r  should be a p p l i c a b l e  t o  h o i s t '  
rope communication systems,  f i r s t  as a s i g n a l  coupler  and second a s  an 
impedance matching i s o l a t o r .  For example, a t  t h e  s u r f a c e  end of t h e  h o i s t  
rope i t  could be  used n o t  only t o  couple  t h e  t r a n s m i t t e r l r e c e i v e r  u n i t s  t o  
t h e  h o i s t  rope-shaft  t ransmiss ion  l i n e ,  bu t  t o  a l s o  add t h e  a p p r o p r i a t e  
amount of matching impedance i n  s e r i e s  w i th  t h e  low impedance sheave wheel/ 
ground connec tors ,  thereby prevent ing  s t and ing  wave i n t e r f e r e n c e  e f f e c t s  
dur ing  cage t o  s u r f a c e  t r ansmis s ions .  A t  t h e  cage end of t h e  h o i s t  rope,  
t h e  r o l e  of t h e  t o r o i d a l  dev ice  w i l l  most l i k e l y  be  l i m i t e d  only t o  
t r a n s m i t t e r l r e c e i v e r  h o i s t  rope coupl ing,  because of  t h e  a l r e a d y  l a r g e  
r eac t ance  t e rmina t ion  presen ted  by t h e  cage-to-shaft  w a l l  c apac i t ance ,  
as g iven  i n  Table 5. 
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The impedance l e v e l s  ob t a inab le  from reasonably smal l  c o u p l e r / i s o l a t o r  
s t r u c t u r e s  can be e a s i l y  es t imated  by u t i l i z i n g  t h e  design d a t a  e s t a b l i s h e d  
f o r  t h e  t r o l l e y  motor i s o l a t o r  descr ibed  i n  Chapter I1 of P a r t  S ix .  For t h e  
same s i x  p a i r s  o f  I and U f e r r i t e  cores  used i n  t h e  i s o l a t o r  p i c t u r e d  i n  
F igures  6 and 7 of t h a t  Chapter,  Figure 7 r evea l s  t h a t  f o r  a nominal 
minimum a i r  gap* of  0.005", t he  s ing l e - tu rn  inductance w i l l  be  19 micro- 
h e n r i e s .  The corresponding reac tance  and resonant  impedance l e v e l s  a r e  
given below i n  Table 6 of t h i s  s e c t i o n  f o r  t h e  i nd i ca t ed  s e l e c t i v i t i e s .  
The 3 kHz bandwidth s e l e c t i v i t y  chosen f o r  f requenc ies  below 80 kJ3z is  
app l i cab l e  t o  s i n g l e  sideband modulation, while  t h e  12 kHz bandwidth 
chosen f o r  f requenc ies  above 80 kHz is  app l i cab l e  t o  narrowband frequency 
modulation. 
Table 6 
Induc t ive  Reactance, Resonant Impedance, and Q 
f o r  a  Small Single-Turn Toro ida l  ~ o u ~ l e r / I s o l a t o r  
For 3 kHz Bandwidth For 1 2  kHz Bandwidth 
(kHz) (ohms) Zres (ohms) Q Zres (ohms) Q 
* A much l a r g e r  a i r  gap was r equ i r ed  f o r  t h e  t r o l l e y  w i r e  c a r r i e r  phone 
a p p l i c a t i o n ,  t o  prevent  core  s a t u r a t i o n  by t h e  l a r g e  DC c u r r e n t s  flowing 
i n  t h e  t r o l l e y  wi re  t o  power t h e  t r o l l e y  motors.  
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Table 6 i n d i c a t e s  t h a t  va lues  of  impedance comparable t o  t h e  h o i s t  
rope t ransmiss ion  l i n e  c h a r a c t e r i s t i c  impedance of about  300 ohms a r e  
e a s i l y  achieved above 100 kHz, even f o r  t h i s  small-s ized i s o l a t o r . *  
Consequently, l a r g e r  t o r o i d a l  c o u p l e r / i s o l a t o r s  of t h i s  type should be  
i n v e s t i g a t e d  f u r t h e r  f o r  t h e i r  p o t e n t i a l  a p p l i c a t i o n  a s  coup le r s  and 
impedance matching devices  i n  h o i s t  s h a f t  communication systems. 
V I I .  CONCLUDING REMARKS 
A s  s t a t e d  i n  Chapter V I  of t h i s  P a r t ,  r a i s i n g  t h e  ope ra t i ng  frequency 
t o  above 100 kHz o f f e r s  s e v e r a l  advantages f o r  reducing t h e  o v e r a l l  system 
l o s s .  For example, examination of Tables 3 ,  5 ,  and 6 f o r  propagat ion l o s s ,  
cage r eac t ance ,  and coupler  impedance, r e s p e c t i v e l y ,  r e v e a l s  t h a t  ope ra t i on  
at  a frequency i n  t h e  v i c i n i t y  of  300 kHz should l ead  t o  s u b s t a n t i a l l y  
reduced o v e r a l l  l o s s  over  t h a t  ob t a inab le  a t  f requenc ies  below 100 kHz o r  
a t  f requenc ies  above 1000 kHz. A s  t he  frequency i s  inc reased  t o  around 
300 kHz, t h e  ga in  i n  s i g n a l  vo l t age  a c r o s s  t h e  t r a n s m i t t e r / r e c e i v e r  coup- 
l i n g  u n i t s  due t o  reduced cage r eac t ance  and inc reased  coupler  impedance, 
more than  o f f s e t s  t h e  e f f e c t s  of i nc reased  propagat ion l o s s .  However, 
t he se  minima should be l e s s  severe  ( i . e . ,  have a sma l l e r  VSWR) a t  t h e  
h ighe r  frequency of 300 kHz because of t h e  g r e a t e r  d i f f e r e n c e  i n  r e l a t i v e  
s t r e n g t h s  of  t h e  i nc iden t  and r e f l e c t e d  waves ( a s  a r e s u l t  of t h e  h igher  
a t t e n u a t i o n  r a t e  a long t h e  t ransmiss ion  l i n e  and t h e  sma l l e r  mismatches 
ach ievable  f o r  t h e  cage and coupler  impedances r e l a t i v e  t o  t h e  t r ans -  
mission l i n e  c h a r a c t e r i s t i c  impedance) . 
* The o u t s i d e  dimensions of t h i s  p a r t i c u l a r  i s o l a t o r  a r e  4-1/2" x 4-1/4" 
x 6", t h e  i n s i d e  dimension 1-1/4" x 2" x 6", making i t  too  small, 
e s p e c i a l l y  i n  c ros s - sec t ion ,  f o r  use  wi th  t h e  1-3/4" diameter  h o i s t  
rope a p p l i c a t i o n  of i n t e r e s t .  The h o i s t  rope a p p l i c a t i o n  r e q u i r e s  a 
much l a r g e r  c e n t r a l  opening i n  t h e  core ;  n o t  only t o  accommodate t h e  
l a r g e  diameter  h o i s t  rope,  bu t  a l s o  t h e  l a t e r a l  motion of t h e  rope 
p a r t i c u l a r l y  a t  t h e  t op  of t h e  s h a f t .  This  need may r e q u i r e  t h e  use  
of non-standard custom-made co re s .  
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I n  sum, o u r  pre l iminary  f i nd ings  i n d i c a t e  t h a t  an ope ra t i ng  frequency 
i n  t h e  v i c i n i t y  of  300 kHz may o f f e r  decided performance advantages over  
t h a t  ob t a inab le  a t  s u b s t a n t i a l l y  h ighe r  and lower f requenc ies .  These 
f i nd ings  need t o  be v e r i f i e d  and b e t t e r  q u a n t i f i e d  by conducting a  more 
comprehensive o v e r a l l  systems a n a l y s i s  and opt imiza t ion ,  i nc lud ing  t h e  
e f f e c t s  of  e lec t romagnet ic  no i se .  
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PART SIX 
TROLLEY W I R E  MINE COMMUNICATIONS 
INTRODUCTION 
Th i s  p a r t  of t h e  f i n a l  r e p o r t  t r e a t s  some problems r e l a t e d  t o  c o a l  mine 
c a r r i e r  f requency communication systems us ing  t h e  t r o l l e y  w i r e l t r a c k  
t r ansmis s ion  l i n e .  This  work was undertaken f o r  a  b r i e f  pe r iod  of  t ime 
dur ing  t h e  summer of 1972 t o  h e l p  unders tand ,  q u a n t i f y ,  and improve some 
of t h e  t r o l l e y  w i r e  c a r r i e r  system behavior  observed and/or  p r e d i c t e d .  
Ca l cu l a t i ons  and e s t i m a t e s  of t ransmiss ion  l i n e  c h a r a c t e r i s t i c  impedance, 
inductance and capac i t ance  p e r  u n i t  l e n g t h ,  mine motor l oad ing  e f f e c t s ,  
p a r a l l e l  l i n e  e f f e c t s ,  and connect ion impedances a r e  p resen ted  i n  
Chapter I. Chapter I1 t r e a t s  t h e  des ign  of  r-f i s o l a t o r s  f o r  reducing 
t h e  undes i red  and troublesome r-f l oad ing  t h a t  mine motors p r e sen t  t o  
t h e  t r o l l e y  t r ansmis s ion  l i n e .  Chapter 111 t r e a t s  a  d i v e r s i t y  method 
f o r  combat t ing s t a n d i n g  wave n u l l s .  
I .  CALCULATIONS RELATED TO TROLLEY W I R E  COMMUNICATIONS 
A. ESTIMATION OF INDUCTANCE AND CAPACITANCE PER UNIT LENGTH OF 
TROLLEY LINES 
To e s t i m a t e  t h e  L and C pe r  u n i t  l e n g t h  of t r o l l e y  l i n e s ,  we use  t h e  
e c c e n t r i c  l i n e  model of Sec t i on  G of  t h i s  Chapter ,  " C h a r a c t e r i s t i c  Imped- 
ance Es t imates  f o r  Mine T r o l l e y  Lines . "  The capac i tance  pe r  u n i t  l e n g t h  
f o r  an e c c e n t r i c  l i n e  i s  g iven  by (1) 
-1 mi - cosh - 
Ri 
C where m '  = - ' 2  2  1 2 [ (q l  - q2) + 1 1  
T r o l l e y  
(1) * Wire 
Surrounding 
Coal "Ground" 
C m = -  ' 2  2  ( 3 )  FIGURE 1 ECCENTRIC LlNE MODEL 2 2 [ h l  - q2) - 1 1  OF TROLLEY LINE 
(1) E. Weber, E lec t romagnet ic  F i e l d s ,  Theory and App l i ca t i ons ,  Vol. 1, 
1957, pp. 119-121. 
* References  t o  F igu re s ,  Tables ,  and Equat ions  apply  t o  t hose  i n  t h i s  
Chapter  u n l e s s  o therwise  no ted .  
6.1 
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The inductance p e r  u n i t  l ength  can be  obtained i n d i r e c t l y  by s u b s t i t u t i n g  
values  f o r  Z and C i n t o  t h e  c h a r a c t e r i s t i c  impedance express ion .  
0 
The va lues  f o r  Zo can be  ob ta ined  from Figure 20, which were computed 
us ing  t h e  fol lowing equa t ions  (2) 
z = -  -1 60 cosh U 
0 112 
E 
S u b s t i t u t i n g  t h e  app rop r i a t e  va lues  f o r  h igh  and low c o a l  cond i t i ons ,  
we g e t :  
High Coal Low Coal 
B. EQUIVALENT CIRCUIT APPROXIMATION FOR THE 
TROLLEY POLE DROP WIRE TO M I N E  MOTORS 
Using t h e  e c c e n t r i c  t ransmiss ion  l i n e  model of Figure 1 which provides  a 
good approximation t o  t h e  t r o l l e y  t ransmiss ion  l i n e  c h a r a c t e r i s t i c  impedance, 
cons ider  t h e  e f f e c t  of a v e r t i c a l  t r o l l e y  po le  w i r e  t o  a motor, which is  i n  
t u r n  connected t o  ground v i a  t h e  r a i l s .  Figure 2 d e p i c t s  t h e  t r o l l e y  l i n e  
( 2 ) ~ ~ ~  Reference Data f o r  Radio Engineers ,  5 th  E d i t i o n ,  Chapter 22, 
Transmission L ines ,  pp . 22-24. 
*l r 
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and drop wi re  geometr ies ,  where t h e  c h a r a c t e r i s t i c  impedance i s  taken equa l  
t o  200 ohms and Z, i s  t h e  impedance of t h e  motor a t  t h e  t r o l l e y  phone f r e -  
quency . 
FIGURE 2 TROLLEY LINE MODEL 
The t r o l l e y  drop w i r e  and low impedance motor do no t  r ep re sen t  a  t r u e  o r  
i d e a l  s 'hor t  c i r c u i t  i n  t h i s  s i t u a t i o n ,  because t h e  f i e l d s  of a t r a v e l i n g  
wave a r e  - n o t  prevented from coupl ing t o  t h e  o t h e r  s i d e  of t h e  drop w i r e ,  
a s  would b e  t h e  ca se  i f  t h e  w i r e  were rep laced  by a  p e r f e c t l y  conducting 
p l a t e  ac ros s  t h e  whole haulageway cross -sec t ion .  Therefore ,  t h e  drop 
wi re  w i l l  a l low energy t o  be  i nduc t ive ly  coupled between the  s e c t i o n s  
of t r o l l e y  l i n e  on each s i d e  of t h e  drop w i r e ,  a l though t h i s  coupl ing 
w i l l  g ene ra l l y  b e  weak. 
Since t h e  dimensions of t h e  drop wi re  a r e  sma l l  compared t o  a  wavelength 
a t  88kHz, i t  can be  r ep re sen t ed  by a  lumped induc tance  shunt  e lement ,  
as  shown i n  F igure  3.  Ls, 
FIGURE 3 DROP WIRE AND EQUIVALENT SHUNT INDUCTANCE 
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The shunt  inductance c o n t r i b u t i o n  Ls of t h e  drop wire  was es t imated  by 
computing t h e  f l u x  produced by t h e  drop wire  over t h e  c ros s - sec t iona l  
a r e a  D l  x D2 shown i n  Figure 4 .  
Wire 
I--- D2 -4 
FIGURE 4 GEOMETRY FOR DROP WIRE 
where a is  t h e  w i r e  r a d i u s .  
L e t t i n g  a = 0.25 inches ,  and D2 = Dl = 5.5 f e e t  f o r  high coa l  and 4 fee t  
f o r  low c o a l ,  w e  ge t  
f o r  low c o a l  1.3ph 0.75s2 
where *L i s  t h e  a s s o c i a t e d  i nduc t ive  reac tance  a t .  88 kHz (shown i n  F igure  5) . 
S 
By comparison wi th  t he se  va lues  of shunt  r eac t ance ,  t h e  c h a r a c t e r i s t i c  
impedance of  t h e  t r o l l e y  l i n e  Zo 200 ohms, t h e  t r o l l e y  phone impedance 
ZT i s  a nominal 25 ohms, and t h e  magnitude of t h e  impedance Z, of t he  
motor i n  s e r i e s  wi th  t he  drop wi re  i s  a l l e g e d  t o  be on t h e  o rde r  of 0.5 
ohm when hau l ing  a t  nominal speed. More measurements of t h e  impedanc~  
behavior  of t y p i c a l  locomotive motors a t  t h e  t r o l l e y  phone f r equenc i e s  
of 88 and 100 kHz a r e  needed t o  confirm t h i s  reputed low impedance be- 
hav io r  and t o  determine whether i t  is  r e p r e s e n t a t i v e  f o r  d i f f e r e n t  motor 
i n s t a l l a t i o n s  on locomotives.  
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FIGURE 5 TROLLEY LINE AND ASSOCIATED IMPEDANCES 
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C .  IMPEDANCE SEEN BY TROLLEY PHONES DUE TO CONNECTION METHOD 
The t r o l l e y  phones a r e  p r e s e n t l y  coupled t o  t h e  t r o l l e y  l i n e  by connect- 
i n g  them i n  p a r a l l e l  w i th  t h e  low impedance t r o l l e y  motors.  The connec- 
t i o n s  a r e  made r e l a t i v e l y  c l o s e  t o  t h e  motor t e rmina l s  s o  t h a t  l i t t l e  o r  
no advantage i s  taken  of any i n c r e a s e  i n  impedance o f f e r e d  by t h e  t r o l l e y  
pole  drop w i r e  induc tance .  F igure  6 i l l u s t r a t e s  t y p i c a l  geometry (6a) 
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Motor 
Typical Geometry Approx. Equivalent Circuit 
FIGURE 6 TROLLEY PHONE CONNECTION TO TROLLEY WIRE 
Since  t h e  t r o l l e y  motor impedance a t  88kHz i s  r epo r t ed  t o  be on t h e  o r d e r  
of 0.5 ohms, t h e  motors w i l l  shunt  most of t h e  t r o l l e y  s i g n a l  away from 
t h e  t r o l l e y  l i n e .  By making t h e  connect ion f u r t h e r  up t h e  drop w i r e ,  t h e  
shunt  impedance p r e sen t ed  by t h e  motor can be i nc r ea sed  by t h e  drop w i r e  
i n d u c t i v e  r eac t ance .  The o b j e c t i v e  of t h i s  s e c t i o n  i s  t o  p rov ide  an 
e s t i m a t e  of t h e  magnitude of  t h i s  p o t e n t i a l  i n c r e a s e  i n  impedance. 
To e s t i m a t e  t h e  shunt  and s e r i e s  impedance f o r  two d i f f e r e n t  connec t ions ,  
t h e  geometr ies  of  F igure  7 f o r  t h e  case  of h igh  c o a l  were used. 
FIGURE 7 MODEL GEOMETRIES 
Figure 7a approximates t h e  p r e s e n t  connect ion,  t ,  wh i l e  F igure  7b approx- 
imates  a connec t ion ,  t ' ,  t o  t h e  t op  of t h e  t r o l l e y  po l e .  A s  seen  from 
t h e  t r o l l e y  phone g e n e r a t o r ,  s i m p l i f i e d  induc tance  networks can be drawn 
a s  i n  F igu re  8 .  
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Case A Case B 
FIGURE 8 MODEL INDUCTANCE NETWORK 
CASE A 
I n  Case A t h e  drop wi re  inductance formula ( 1 l ) o f  Sec t ion  C can b e  used 
f o r  computing L 
l a '  
where D' = D - 2a,  and r i s  t h e  w i r e  r a d i u s ,  i n  Figure 7a. The o t h e r  
0 
induc tance  components of Cases A and B can b e  es t imated  us ing  t h e  fo l lowing  
formula f o r  a  r ec t angu la r  loop from ~ e b e r ( 3 ) .  
where 2a,  2b a r e  t h e  l eng ths  of t h e  r e c t a n g l e  s i d e s  and d i s  t h e  w i r e  diameter .  
For Case A: D = 5.5 f t . ,  2a = 2b = 1 f t . ,  d  = 0.5 i n .  
Therefore  us ing  (12) we g e t ,  
and us ing  (13) , we g e t ,  L 0.8'h, (15) 
f o r  t h e  square  loop of F igure  7a. Now by s e p a r a t i n g  ou t  equa l  induc tance  
con t r ibu t ions  of 0 . 2 ~ h  f o r  each l e g  of t he  square  loop t o  form L and L3,, 2a 
we g e t  LZa = 0.6ph , Lja = 0.2ph. (16a,b) 
(3)E. Weber, "Electromagnetic F i e l d s ,  Theory and Appl ica t ions" ,  Vo1. 1, 
1957, p.  131-133. 
6.6 
Arthur D Little, Inc 
CASE B 
For Case B :  2a = 5.5 f t . ,  2b = 1 f t . ,  d  = 0.5 i n .  Using Equat ion (13) f o r  
a  r e c t a n g u l a r  loop we g e t :  
By approximating t h e  induc tance  c o n t r i b u t i o n  of each s h o r t  r e c t a n g u l a r  l e g  
by t h e  0.2uh va lue  f o r  t h e  squa re  loop ca se ,  and t h e r e f o r e  a s s ign ing  1.7uh 
t o  each long  5.5 f t .  l e g ,  we g e t :  
Therefore ,  t h e  s i m p l i f i e d  equ iva l en t  c i r c u i t s  become a s  shown i n  F igure  9  
w i t h  t h e  i n d i c a t e d  impedance va lues  a t  88 kHz. These c i r c u i t s  a r e  n o t  
meant t o  be  exac t  r e p r e s e n t a t i o n s ,  b u t  s imple  approximations t o  p rov ide  
workable means f o r  e s t i m a t i n g  l i k e l y  e f f e c t s  on performance. A more exac t  
t rea tment  would i n c l u d e  t h e  i n f l u e n c e  of mutual coupl ing on t h e  s p e c i f i c a -  





FIGURE 9 EQUIVALENT CIRCUITS 
Rais ing  t h e  connect ion p o i n t ,  t ,  t o  t h e  t o p  of t h e  t r o l l e y  p o l e ,  t ' ,  
changes t h e  impedance l e v e l  from [Zm + 0 . 1  ohms (t-to-ground) t o  [Zm + 0.91 
ohms ( t l - to-ground) ,  an i n c r e a s e  of on ly  0 .8  ohms. I n  view of t h e  h igh  
200 ohm c h a r a c t e r i s t i c  impedance of  t h e  t r o l l e y  l i n e ,  and t h e  changing 
l i n e  impedance l e v e l s  produced a c r o s s  t h e  t '-to-ground connect ion a s  a  
r e s u l t  of o t h e r  normal l i n e  l o a d s ,  t h e  smal l  i n c r e a s e  of about  0 .8  ohms 
ob t a ined  by making connect ions  a t  t h e  t op  of t h e  t r o l l e y  p o l e  appears  t o  
be g r o s s l y  i n s u f f i c i e n t  t o  p rov ide  s i g n i f i c a n t  improvements i n  t r o l l e y  
phone performance . 
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D.  INDUCTANCE OF AIR-CORE COILS 
U ~ t u n e d  a i r - co re  i nduc to r s  have been and a r e  s t i l l  used i n  some mines t o  
i s o l a t e  t h e  low impedance of r e c t i f i e r  power s u b s t a t i o n s  a t  t h e  t r o l l e y  
phone frequency of 88 khz. This  has  been accomplished by forming a c o i l  
i nduc to r  c o n s i s t i n g  of about t e n  t u r n s ,  t h r e e  f e e t  i n  diameter  and t h r e e  
f e e t  i n  l e n g t h ,  which is  p laced  i n  s e r i e s  wi th  t h e  s u b s t a t i o n s .  A good 
formula f o r  e s t i m a t i n g  t h e  approximate induc tance  of such a i r - c o r e  c o i l s  
is  given by 
where r i s  t h e  c o i l  r a d i u s  i n  i n c h e s ,  R i s  t h e  c o i l  l eng th  i n  i nches ,  and 
N i s  t h e  number of t u r n s .  For t h e  above descr ibed  c o i l ,  equa t i on  (20) 
p r e d i c t s  an  induc tance  va lue  of L = 62 ph, which r e s u l t s  i n  an i n d u c t i v e  
r eac t ance  of  34 ohms a t  88kHz. This  va lue  of r eac t ance  appa ren t l y  i s  s u f f i -  
c i e n t  t o  improve t r o l l e y  phone performance i n  many ca se s .  
By r e sona t i ng  such an a i r - co re  c o i l  w i th  a p a r a l l e l  c apac i t ance ,  rnuch l e s s  
induc tance  would b e  r equ i r ed  t o  produce t h e  d e s i r e d  impedance l e v e l .  For 
example, us ing  a c i r c u i t  w i th  a Q of 10 ,  a d e s i r a b l e  Q va lue  f o r  t r o l l e y  
phone a p p l i c a t i o n s ,  on ly  6.2ph a r e  needed t o  g e t  34 ohms of r eac t ance .  
Therefore  a c o i l  of t h e  same number of t u r n s  and l eng th  would need on ly  a 
diameter  of 8.5 i nches  i n s t e a d  of 36 inches  t o  produce t h e  6.2ph of induc t -  
ance.  I f  we f u r t h e r  assume t h a t  t h e  t u r n s  p e r  u n i t  l eng th  can be  i nc r ea sed  
by a t  l e a s t  a f a c t o r  of two f o r  t h e  s i z e  w i r e  r equ i r ed  t o  c a r r y  t h e  h igh  
c u r r e n t  l oads  of  c o a l  mine t r o l l e y  l i n e s ,  then  t h e  l eng th  of t h e  above 
8.5  inch  d iameter  c o i l  can b e  reduced from 36 t o  1 4  i nches .  Consequently,  
tuned a i r - co re  c o i l s  occupying about 112 cub i c  f o o t  of volume may b e  
p r a c t i c a l  a l t e r n a t i v e s  i n  some l o c a t i o n s  , t o  t h e  f e r r i t e  o r  i r o n  r f  i s o l a -  
t o r s  de sc r ibed  i n  Chapter 111. The i nc rea sed  s e n s i t i v i t y  of a i r - co re  c o i l  
behavior  t o  nearby metal s t r u c t u r e s ,  however, may s t i l l  make a i r - co re  c o i l s  
less a t t r a c t i v e  f o r  u se  i n  conf ined  spaces  as found i n s i d e  locomotives .  
E.  THE EFFECT OF AN ATTACHED PARALLEL DC FEEDER CABLE ON TROLLEY LINE 
CHARACTERISTIC IMPEDANCE 
A t  t h e  Bethlehem S t e e l  Marianna Mine i n  Uniontown, Pa . ,  we n o t i c e d  t h a t  
t h e  one m i l l i o n  c i r c u l a r  m i l  DC t r o l l e y  f e e d e r  cab l e  was made t o  run 
abovey p a r a l l e l  t o ,  and f r e q u e n t l y  connected t o  t h e  t r o l l e y  w i r e  a s  
shown i n  F igu re  10 .  
( 4 )  
ITT Reference Data f o r  Engineers ,  5 t h  E d i t i o n ,  Chapter 6 ,  Fundamentals 
of Networks, pp. 6-3. 
+"..~ 
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FIGURE 10 DC FEEDER CABLE AND TROLLEY WIRE GEOMETRIES 
DC l i n e  vol tage  by decreasing the  e f f e c t i v e  res i s t ance  of the  t r o l l e y  l i n e ,  
the  diameter of which is  only about 112 inch. Since t h i s  geometry increases 
the  e f f e c t i v e  diameter of the  t r o l l e y  wire as  f a r  as  the  r f  c h a r a c t e r i s t i c  
impedance of the l i n e  is  concerned, an est imate was made of how much t h e  
c h a r a c t e r i s t i c  impedance would be changed. An upper bound on t h i s  e f f e c t  
can be obtained by assuming t h a t  the  Figurelogeometry can be approximated 
by a cyc l indr ica l  w i r e  of 3" diameter centered a t  the  nominal 6" l e v e l  down 
from the  roof i n  a high-coal haulageway. Using equations 41a,b 
(22) 
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wi th  E = 1, d = 3", D = 6 ' ,  6 = 6", 
we g e t  Zo = 118 ohms, (24) 
which i s  about  one-half t h e  expected Z va lue  f o r  t h e  t r o l l e y  w i r e  wi thout  
0 
t h e  DC f eede r  cab l e .  
The t r o l l e y  w i r e  a t  t h e  Marianna mine was d i sp l aced ,  a s  i s  customary, about 
one f o o t  t o  t h e  o u t s i d e  of t h e  r a i l s  a s  opposed t o  be ing  cen t e r ed  above and 
between t h e  r a i l s  a s  we f i r s t  assumed. The u t i l i t y  of t h e  e c c e n t r i c  l i n e  
model of F igure  ( 1 )  f o r  such p r a c t i c a l  t r o l l e y  l i n e  geometr ies  should n o t  
be  impaired,  b u t  i n  f a c t  may even make t h e  model more r e p r e s e n t a t i v e .  
The lower Z value  computed f o r  t h e  case  of t h e  DC f eede r  cab l e  a t tachment  
a l s o  supporgs a measurement of  n e t  t r o l l e y  l i n e  impedance a s  seen  from our  
p o s i t i o n  n e a r  t h e  shop a r e a  t e rmina t i on  of t h e  l i n e .  F igure  11 i l l u s t r a t e s  
t h e  t r a c k  and t r o l l e y  l i n e  r o u t i n g  i n  
t h a t  immediate a r e a .  T ro l l ey  l i n e  con- 
t i n u i t y  was maintained a t  t h e  i n d i c a t e d  
b ranchings . Since  a l l  t h e  d i s t a n c e s  
t o  t h e  branchings were sma l l  compared t o  
wavelength a t  88kHz, t h e  network can be  
cons idered  a s  f i v e  l i n e s  i n  p a r a l l e l .  
I f  we f u r t h e r  assume t h a t  each i n d i v i d u a l  
branch l i n e  looks matched i n  a cha rac t e r -  
is t i c  impedance va lue  of 118 ohms, then  
t h e  n e t  impedance seen  a t  t h e  s t a r r e d  
shop l o c a t i o n  should  b e  c l o s e  t o  24 ohms. 
A va lue  of 22 ohms was measured w i th  t h e  
PMSRC impedance measuring box. Fu ture  
measurements should  r e v e a l  whether t h i s  
was j u s t  a coincidence.  
Shop Open C i r c u i t  
Terminat ion of Line 
FIGURE 11 TROLLEY LINE ROUTING 
NEAR SHOP AREA 
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F. SOME TROLLEY LINE IMPEDANCE BEHAVIOR PREDICTED BY TRANSMISSION 
LINE THEORY 
For a  gene ra l  l o s s y  t r ansmis s ion  l i n e ,  t h e  v o l t a g e  and c u r r e n t  a long  
t h e  l i n e  a r e  given by 
where y =  a + j B  i s  t h e  propaga t ion  cons t an t  and Z = R + j X o  i s  t h e  
0 
c h a r a c t e r i s t i c  impedance. 
Pu t  i n  t h e  c l a s s i c a l  convient  form, we have 
'- 2 a z j 2 p z  
where r ( z )  = - e  e  j Z B z ,  i s  t h e  r e f l e c t i o n  (29) v .  = r ~ e  
c o e f f i c i e n t  a t  an  a r b i t r a r y  p o i n t  z  on t h e  l i n e ,  and 
v - 
r ( 0 )  = = -  r~ V+ i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  of t h e  l oad  t e r -  (30) 
minat ing t h e  l i n e  a t  z  = o. 
(0) = rL can be  computed u s ing  
- L -  0 
r~ ZL + z , where Z i s  t h e  impedance of t he  load .  
0 
L  
The geometry i n  ques t i on  i s  shown i n  F igure  12 .  
FIGURE 12 TRANSMISSION LINE AND LOAD IMPEDANCE 
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A t  a d i s t a n c e  l l g , ' l  away from t h e  load (e .  g . z = -&) , we ge t  
s o  t h a t  t h e  l i n e  impedance presen ted  t o  a gene ra to r  a t  z = -2  i s  given by 
Z (-2) can be convenient ly  p l o t t e d  i n  normalized form z ( -2)  /zo 
on a Smith Chart  t o  examine i t s  behavior  a s  a func t ion  of l i n e  l e n g t h ,  
f requency,  and the  i n t r o d u c t i o n  of s e r i e s  and p a r a l l e l  loads .  
The propagat ion cons t an t  and c h a r a c t e r i s t i c  impedance a r e  given by t h e  
fol lowing express ions .  
Propagat ion Constant Cha rac t e r i s  t i c  Impedance 
where R ,  G ,  L,  C a r e  t h e  normal p e r  u n i t  l ength  e l e c t r i c a l  parameters  of 
t h e  t ransmiss ion  l i n e .  
A t  f i r s t  g lance  i t  appears  t h a t  mine t r o l l e y  l i n e s  can be  considered "low 
lo s s "  l i n e s ,  having c h a r a c t e r i s t i c  impedances t h a t  a r e  e s s e n t i a l l y  r e a l ,  
and l o s s l e s s  propagat ion cons t an t s  y = j f 3  = j 2-rr/X modified by a sma l l  
a t t e n u a t i o n  f a c t o r  a ,  y = a + j B .  Sorrie i n v e s t i g a t o r s  have observed a t tenua-  
t i o n  r a t e s  on t h e  o r d e r  of 2 db p e r  mi le .*  This  i s  about 4 db p e r  wavelength 
a t  88 kHz, t h e  wavelength be ing  approximately 11,000 f e e t .  
Using these  va lues  of wavelength and a t t e n u a t i o n ,  t h e  l i n e  impedance behavior  
produced by a s h o r t  c i r c u i t  p laced  ac ros s  t h e  l i n e ,  a s  a func t ion  of d i s t a n c e  
away from t h e  s h o r t  c i r c u i t  has  been p l o t t e d  on a Smith Chart  i n  F igure  1 3  . 
A s h o r t  c i r c u i t  was chosen a s  a f i r s t  approximation t o  a DC r e c t i f i e r  power 
s u b s t a t i o n ,  and poss ib ly  a locomotive motor. 
* More d a t a  a r e  needed t o  determine whether t h i s  va lue  i s  a r e p r e s e n t a t i v e  
one f o r  d i f f e r e n t  mines and i n s t a l l a t i o n s .  
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FIGURE 13 LOCUS OF NORMALIZED IMPEDANCE Z/Zo ALONG LINE -CASE 1 
For: Short Circuit Termination (Load) 
Frequency - 88 kHz 
Attenuation Factor: a = 4 dB per h 
( 2 dB/mile) 
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The Smith Chart  i s  used he re  a s  an impedance c h a r t  s o  t h a t  a  s h o r t  c i r c u i t  
of zero  impedance occurs  a t  t h e  l e f t  hand s i d e  of t h e  r e a l  (ho r i zon ta l )  
a x i s .  The reac tance  a x i s  runs along t h e  circumference,  i nduc t ive  r e a c t -  
ance occu r r ing  i n  t h e  t o p  hemisphere and capac i t i ve  r eac t ance  i n  t h e  
lower.  The r e a l  and imaginary impedance va lues  a r e  normalized t o  t h a t  of 
t h e  c h a r a c t e r i s t i c  impedance, Z . Distances expressed i n  f r a c t i o n s  of a  
0 
wavelength from t h e  load  moving towards t h e  genera tor  a r e  a l s o  found 
along t h e  circumference.  Rota t ion  once around t h e  c h a r t  r ep re sen t s  one- 
h a l f  wavelength of t r a v e l .  The v e c t o r  drawn from the  c e n t e r  of t h e  c h a r t  
t o  any normalized impedance p o i n t  i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  r .  The 
c e n t e r  of t h e  c h a r t  Z / Z o  = 1 + j O  de sc r ibes  t h e  impedance Z = Z name- 
0' l y  t h a t  of a  l i n e  matched t o  i t s  c h a r a c t e r i s t i c  impedance Z . Slnce power 
0 
s u b s t a t i o n s  a r e  spaced roughly a  mi le  a p a r t  i n  t y p i c a l  coa l  mines, t h e  i m -  
pedance behavior  has  been p l o t t e d  up t o  one mile  away, which i s  roughly 
1 /2  wavelength a t  88kHz. A s h o r t  c i r c u i t  ZL = 0 r ep re sen t s  a  r e f l e c t i o n  
c o e f f i c i e n t  rL = -1. I f  t h e  a t t e n u a t i o n  f a c t o r  were ze ro ,  t h e  r 
v e c t o r  would b e  r o t a t e d  a t  cons tan t  amplitude around t h e  c h a r t  a s  t h e  d i s -  
tance from t h e  s h o r t  i nc reased ,  thereby g iv ing  r i s e  t o  only r e a c t i v e  com- 
ponents of l i n e  impedance. Since t h e  a t t e n u a t i o n  f a c t o r  i s  no t  ze ro ,  b u t  
on t h e  o rde r  of 4db p e r  wavelength, t h e  r v e c t o r  w i l l  be  reduced i n  s i z e  by 
twice t h i s  f a c t o r  a s  p re sc r ibed  by equa t ion  (29) ,  thereby producing 
both r e s i s t i v e  and r e a c t i v e  components of l i n e  impedance a s  t h e  v e c t o r  i s  
r o t a t e d  around t h e  c h a r t .  
Examination of t h e  Smith Chart  p l o t  of F igu re13  r evea l s  s e v e r a l  i t ems  of 
i n t e r e s t .  It apparen t ly  i s  common p r a c t i c e  i n  some mines t o  p l ace  t h e  d i s -  
p a t c h e r ' s  t r o l l e y  phone s t a t i o n  about 1000 f e e t  from t h e  DC s u b s t a t i o n s  i n  
o rde r  t o  g e t  s a t i s f a c t o r y  performance. From Figure13  we s e e  a  hea l thy  i m -  
pedance l e v e l  of Z = 16 + j 146 ohms i s  ob ta inab le  1100 f e e t  away from a  
s u b s t a t i o n  s h o r t  c i r c u i t  placed ac ros s  a  Z = 200 ohm t r o l l e y  l i n e .  Even 
0 
i f  t h e  Zo  i s  on t h e  o rde r  of 100 ohms a s  may be t h e  case  i n  t h e  Marianna 
mine, Z = 8 + j 72 ohms would be a v a i l a b l e .  These r e a c t i v e  impedance 
va lues  should b e  more than enough t o  a l low s a t i s f a c t o r y  t r o l l e y  phone 
s i g n a l s  t o  b e  pu t  onto t h e  t r o l l e y  l i n e  from a  25 ohm t r ansmi t t e r ,  i f  t h e  
t r a n s m i t t e r  i s  no t  adverse ly  a f f e c t e d  by r e a c t i v e  l oads ,  thereby suppor t ing  
t h e  above p r a c t i c e .  F igure  13 a l s o  i n d i c a t e s  t h a t  a  mobile u n i t  should en- 
counter  i t s  worst  performance, due t o  t h e  presence of a  low impedance sub- 
s t a t i o n  o r  mine motor, when t h e  mobile i s  i n  t h e  immediate v i c i n i t y  of t h e  
s u b s t a t i o n  o r  motor, say  w i t h i n  about 100 f e e t .  Once beyond t h e  very low 
impedance reg ion  n e a r  t h e  s u b s t a t i o n  o r  motor, t h e  magnitude of t h e  imped- 
ance w i l l  n o t  decrease  below t h e  46 ohm l e v e l  found a t  t h e  one-half wave- 
length  d i s t a n c e ,  f o r  t h e  l i n e  descr ibed .  The f i n i t e  a t t e n u a t i o n  f a c t o r  
makes t h e  impedance locus  gradua l ly  s p i r a l  i n  towards t h e  c e n t e r  of t h e  
Smith Chart .  This  prevents  t h e  impedance from going t o  zero  aga in  a t  t h e  
h a l f  wave l eng th  d i s t ances  ,and even tua l ly  makes Z approach t h e  Z va lue  i f  
0 no o t h e r  impedances a r e  p laced  ac ros s  t h e  l i n e .  The f i n i t e  a t t e n u a t i o n  
f a c t o r  a l s o  prevents  i n f i n i t e  va lues  of impedance from occur r ing  a t  t h e  
q u a r t e r  wavelength d i s t a n c e s ,  a  maximum of 1700 ohms being t h e  upper l i m i t  
a t  h / 4  f o r  t h e  case  descr ibed .  
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One l a s t  c a se  of i n t e r e s t  i s  t h a t  of a  25 ohm r e s i s t i v e  t r o l l e y  phone load .  
The impedance v a r i a t i o n  as  a  f u n c t i o n  of l i n e  l e n g t h  f o r  t h e  25 ohm r e s i s -  
t i v e  l oad  h a s  been p l o t t e d  i n  F igure  1 4 .  Note t h a t  r e a c t i v e  impedances a r e  
s t i l l  produced, b u t  t h a t  t h e  maximum impedance l e v e l  achieved ( a t  ~ / 4 )  i s  
h a l f  of t h a t  f o r  t h e  s h o r t  c i r c u i t  c a s e ,  wh i l e  t h e  ~ / 2  impedance va lue  has  
been i nc r ea sed  by h a l f  aga in  over  t h a t  f o r  t h e  s h o r t  c i r c u i t  c a se ,  f o r  t h e  
l i n e  i n  ques t i on .  The e f f e c t s  of p l ac ing  a d d i t i o n a l  25 ohm and/or  s h o r t  
c i r c u i t  "mobile" loads  ac ros s  t h e  l i n e  a t  a r b i t r a r y  l o c a t i o n s  can a l s o  
b e  t r e a t e d .  This  can most convenien t ly  be  done by us ing  t h e  Smith Chart  
a s  an admit tance c h a r t ,  which al lows t h e  a d d i t i o n  of p a r a l l e l  admitances 
i n  a  s imple  manner g r a p h i c a l l y .  However, one can g e t  a  good f e e l  f o r  t h e  
impedance behavior  expected a t  an a r b i t r a r y  a t tachment  p o i n t  between two 
loads  on a cont inuous l i n e  by p l ac ing  t o  t h e  l e f t  of t h e  z = -R p o i n t  of 
Figure  1 2 ,  a  second l i n e  s e c t i o n  of  l e n g t h  R '  and l oad  a p p r o p r i a t e  t o  
what i s  p r e s e n t  t o  t h e  l e f t  of t h e  a t t a chnen t  p o i n t ;  computing th'e impedance 
seen  looking  t o  t h e  l e f t  ZR p e r  F igures  1 3  and 14 ;  and summing them t o g e t h e r  
as a  p a r a l l e l  impedance connect ion.  
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FIGURE 14 LOCUS OF NORMALIZED IMPEDANCE 212, ALONG LINE - CASE 2 
For: 25 ohm Resistive Termination (Load) 
Frequency - 88 kHz 
Attenuation Factor: a = 4 dB per A 
(2 dB/mile) 
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G. CHARACTERISTIC IMPEDANCE ESTIMATES FOR MINE TROLLEY LINES 
The c h a r a c t e r i s t i c  impedance of a uniform t ransmiss ion  l i n e  i s  given by 
where w i s  t h e  r ad i an  frequency,  R and L a r e  t h e  s e r i e s  r e s i s t a n c e  and induc- 
t ance  pe r  u n i t  l e n g t h ,  and G and C a r e  t h e  shun t  conductance and capac i tance  
p e r  u n i t  l e n g t h .  For l o s s l e s s  l i n e s ,  which most p r a c t i c a l  l i n e s  approach, 
R and G = 0.  Then Zo reduces t o  
and t h e  c h a r a c t e r i s t i c  impedance i s  a func t i on  only of t h e  c r o s s - s e c t i o n a l  
geometry and t h e  d i e l e c t r i c  and magnetic p r o p e r t i e s  of t h e  c ro s s - s ec t i ona l  
media. 
To g e t  a f i r s t - o r d e r  a n a l y t i c a l  e s t i m a t e  of Z f o r  t r o l l e y  l i n e s  i n  coa l  
mines,  l o s s e s  were neg l ec t ed  and t h e  mine hadageway geometry approximated 
by some c l a s s i c a l  geometr ies  f o r  which equa t ions  a r e  r e a d i l y  a v a i l a b l e  f o r  
zo . The t r o l l e y  haulageway c ros s - s ec t i ons  i n  Figure  15  a r e  cons idered  





The t r o l l e y  t ransmiss ion  l i n e  c o n s i s t s  of an overhead t r o l l e y  w i r e  i s o l a t e d  
from t h e  haulageway c e i l i n g ,  t o g e t h e r  w i t h  two t r o l l e y  r a i l s  s e rv ing  a s  
r e t u r n  pa th  conduc tors .  The r a i l s  a r e  i n  t u r n  grounded t o  t h e  c o a l  which 
has  a moderate conduc t iv i t y  ranging from about 10-I t o  mhdlmeter. 
So t h e  sur rounding  c o a l  may produce behavior  s i m i l a r  t o  t h a t  of  a ground 
p lane  i n  p l a c e  of t h e  r a i l s ,  o r  t h a t  of  a sur rounding  conduct ing s h i e l d .  




4 '  6 '  1 /2"=d  
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FIGURE 15 CROSS-SECTIONAL VIEWS OF TROLLEY LINE GEOMETRIES 
1. Impedances f o r  Approximate Geometries 
TWO geometr ies ,  wi th  r e a d i l y  a v a i l a b l e  equa t ions  f o r  Z o ,  t h a t  may approx- 
imate t h e s e  t r o l l e y  wi re  s i t u a t i o n s ,  a r e  shown i n  F igures  16 and 17.  
Figure 16 is Case 1, an e c c e n t r i c  sh i e lded  l i n e ,  and Figure 17 is Case 2 ,  
a  s i n g l e  w i r e  above a  ground p lane .  Two o t h e r  cases  t h a t  do no t  inc lude  
the  e f f e c t s  of t h e  surrounding c o a l  a r e  a l s o  inc luded  f o r  ready comparison. 
They a r e  Case 3 ,  t h e  open two-wire l i n e  wi th  unequal diameters  i n F i ~ u r e  18 
and Case 4 ,  open two-wire l i n e  w i th  equa l  diameters  i n  F igure  19 .  
Case 1: Eccen t r i c  Line 
D(variab1e) 3 t o  10 f t . ,  6 = 3" low c o a l ,  6" high c o a l  
Case 2 :  S ing l e  Wire Above a  Ground Plane 
138 z = -  
0 €15 
loglO ( 4 ~ / d )  f o r  d<<h 
E = 1, d = 0.46" nominal diameter  of  0000 t r o l l e y  wi re  
D(variab1e) 3  t o  10 f t .  - (low t o  high coa l )  
Case 3: Open Two-Wire Line w i th  Unequal Diameters 
z = -  -1 60 cosh N 
0 E14 
E = 1, d2 = 0.46", D(variab1e) - 3 t o  10 f t .  
Do f o r  two va lues  of d  
1 
d; = 4.6" approximate diameter  of a  s i n g l e  r a i l  
dy = 46" approximate maximum s e p a r a t i o n  between r a i l s - -  
assuming a  cy l inde r  of t h a t  diameter  
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Eccentric Line lt 0-4 
FIGURE 16 CASE 1 
Single wire, near ground 
For d<< D 
FIGURE 17 CASE 2 
Balanced 2-wire-unequal diameters 
Source: I TT Reference Data for Radio Engineers, P - 7  
5th Edition Chapter 22 
FIGURE 18 CASE 3 
FIGURE 19 CASE 4 
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Case 4: O ~ e n  Two-Wire L i n e  
-1 Z = 120 cosh ( ~ / d )  
0 
d  = 0.46",  D(var i ab1e)  - 3 t o  10  f e e t .  
The computed v a l u e s  of c h a r a c t e r i s t i c  impedance f o r  each  c a s e  a r e  p r e s e n t e d  
i n  F i g u r e  20 f o r  c o n v e n i e n t  comparison of  l i m i t s ,  t r e n d s ,  and e f f e c t s  of  
n e a r b y  c o n d u c t i n g  w a l l s  o r  f l o o r s .  
2 .  D i s c u s s i o n  o f  R e s u l t s  
Examination of  F i g u r e 2 0  and t h e  e q u a t i o n s  r e v e a l s  t h a t  once  t h e  s p a c i n g  D 
becomes l a r g e  compared t o  t h e  t r o l l e y  w i r e  d i a m e t e r  d ,  t h e  c h a r a c t e r i s t i c  
impedance i s  n o t  v e r y  s e n s i t i v e  t o  f u r t h e r  i n c r e a s e s  i n  D.  Fu r the rmore ,  
t h e  o v e r s i m p l i f i e d  g e o m e t r i e s  of  Cases 3 and 4  g i v e  v a l u e s  o f  Zo t h a t  f a r  
exceed any l i n e  impedance v a l u e s  a p p a r e n t l y  encoun te red  t o  d a r e  i n  mines .  
Case 2 ,  a l t h o u g h  g i v i n g  lower  v a l u e s ,  s t i l l  a p p e a r s  somewhat h i g h .  Only 
Cases l a  and l b  approach t h e  h i g h  s i d e  o f  t h e  impedance v a l u e s  t h a t  have  
been obse rved  e x p e r i m e n t a l l y  by p a s t  i n v e s t i g a t o r s  on t r o l l e y  l i n e s  under  
t y p i c a l  c o n d i t i o n s .  Zo f o r  t h e  Case 1 s t r u c t u r e  i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  b o t h  t h e  r o o f - t o - f l o o r  d i s t a n c e  D and t h e  d i s t a n c e  d  of t h e  t r o l l e y  w i r e  
from t h e  r o o f ,  f o r  v a l u e s  t y p i c a l  o f  t h o s e  found i n  mines.  S i m i l a r l y ,  o t h e r  
i n v e s t i g a t o r s  have  e x p e r i m e n t a l l y  obse rved  o n l y  s m a l l  changes i n  t r o l l e y  
l i n e  Zo b e h a v i o r  under  b o t h  h igh  and low c o a l  c o n d i t i o n s .  
The above c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  Z 's of l o s s l e s s  l i n e s  w i t h  geo- 
m e t r i e s  and dimensions  s i m i l a r  t o  c o a l  ming t r o l l e y  l i n e s  w i l l  n o t  f a l l  
much below abou t  200 ohms. The p r e s e n c e  of s u b s t a n t i a l  d i s t r i b u t e d  s h u n t  
l o s s ,  G ,  w i t h  i t s  c o r r e s p o n d i n g  h i g h  a t t e n u a t i o n ,  cou ld  r educe  Zo  d ramat i -  
c a l l y  from i t s  l o s s l e s s  l i n e  v a l u e .  However, o t h e r  i n v e s t i g a t o r s  have  
o b s e r v e d . o n l y  l i t t l e  a t t e n u a t i o n  (approx imate ly  2db p e r  m i l e )  on l o n g  r u n s  
of  t r o l l e y  l i n e .  Consequent ly  , t h e  v a r i a b l e  impedance v a l u e s  ( g e n e r a l l y  
below 200 ohms) o f t e n o b s e r v e d  on t r o l l e y  l i n e s ,  a r e  most l i k e l y  caused  by 
t h e  moving low impedance motor l o a d s  p l a c e d  a c r o s s  t h e  t r o l l e y  l i n e s  v i a  
locomot ive  t r o l l e y  p o l e s .  T h e r e f o r e ,  i n  o u r  q u e s t  f o r  a  s o l u t i o n  t o  motor 
l o a d i n g ,  t h e  Case 1 e c c e n t r i c  l i n e  s t r u c t u r e  w i t h  a  nominal  Z v a l u e  o f  
0 
Zo = 200 ohms, p r e s e n t l y  looks  l i k e  a  r e a s o n a b l e  approx imat ion  t o  use  f o r  
haulageway t r o l l e y  l i n e s .  
Arthur D Little, Inc 
Arthur D Little Jnc 
11. RF ISOLATORS FOR MINE MOTORS 
A. BACKGROUND 
The mine t r o l l e y  phone systems p r e s e n t l y  i n  use  can f r e q u e n t l y  s u f f e r  from 
low s i g n a l  s t r e n g t h  problems a t t r i b u t e d  t o  t r o l l e y  motors a c t i n g  a s  ex t remely  
low impedances a c r o s s  t h e  t r o l l e y  l i n e  s i g n a l  p a i r  used f o r  t h e  t r a n s m i s s i o n  
of c a r r i e r  communication s i g n a l s .  To o b v i a t e  t h e  problem caused by t h e s e  low 
impedance " s h o r t s " ,  i t  i s  d e s i r a b l e  t o  add impedance i n  series w i t h  t h e  t r o l -  
l e y  motors ,  t h u s  p r e v e n t i n g  each t r o l l e y  motor from a c t i n g  a s  a  s i g n a l  " shor t " .  
The most s e v e r e  problem m e t  i n  implementing such a  scheme i s  due t o  t h e  f a c t  
t h a t ,  w h i l e  p r o v i d i n g  t h e  added impedance a t  t h e  c a r r i e r  f requency ( t y p i c a l l y  
88 kHz o r  100 kHz), i t  must: a c t  a s  a n  extremely low r e s i s t a n c e  a t  d c ,  b e  
a b l e  t o  p a s s  up 2000 amperes wi thou t  s u s t a i n i n g  damage, and b e  a b l e  t o  main- 
t a i n  i t s  88 kHz impedance l e v e l  w h i l e  p a s s i n g  i n  e x c e s s  o f  400 dc  amperes.* 
B .  APPROACH 
Techniques t h a t  have been used i n  power and e l e c t r o n i c  sys tems s u g g e s t  a  
means of adding t h e  d e s i r e d  impedance t o  a  t r o l l e y  w i t h o u t  imposing d i f f i c u l -  
t ies  i n  i n s t a l l a t i o n  o r  any added dc  r e s i s t a n c e .  One o f  t h e s e  t echn iques  i s  
t h e  u s e  of a  s i n g l e - t u r n  t r a n s f o r m e r  winding,  such a s  t h e  c u r r e n t  t r a n s f o r m e r s  
w i t h  s i n g l e - t u r n  p r i m a r i e s  commonly used i n  power moni to r ing  systems.  A 
second techn ique  i s  one commonly used i n  d i g i t a l  e l e c t r o n i c  p r i n t e d  c i r c u i t  
boards .  Most of t h e  c i r c u i t s  found on t h e s e  boards  a r e  extremely s e n s i t i v e  
t o  e l e c t r i c a l  s p i k e s  t h a t  occur  on power supp ly  l i n e s .  F r e q u e n t l y ,  u s e  i s  
made of a  f e r r i t e  t o r o i d  t o g e t h e r  w i t h  a  c a p a c i t o r .  The power supp ly  l e a d  
i s  fed  through t h e  t o r o i d ,  t h u s  adding i n d u c t a n c e  t o  t h e  power supp ly  l i n e .  
Th i s  i n d u c t a n c e ,  combined w i t h  t h e  c a p a c i t o r ,  s e r v e s  t o  b l o c k  t h e  v o l t a g e  
s p i k e s  from p e n e t r a t i n g  t o  t h e  s e n s i t i v e  c i r c u i t  e l ements .  
*We have s i n c e  l e a r n e d  t h a t  a  400 ampere o p e r a t i n g  c u r r e n t  i s  more t y p i c a l  
of s m a l l  10-12 t o n  locomotives  on 600V DC t r o l l e y  l i n e s ,  and n o t  of t h e  more 
impor tan t  50-ton locomotives  on 300V dc  l i n e s  which w i l l  draw 300:-4000 amperes 
under f u l l  l o a d  c o n d i t i o n s .  Under t h e s e  3000-4000 amperes c u r r e n t  c o n d i t i o n s ,  
t h e  i s o l a t o r s  des igned f o r  400 ampere dc  c u r r e n t s  w i l l  s a t u r a t e  and be  t o t a l l y  
i n e f f e c t i v e .  I f  p r o v i s i o n s  a r e  made t o  p r e v e n t  s a t u r a t i o n  u n t i l  beyond 4000 
amperes by i n c r e a s i n g  t h e  c o r e  a i r  gap,  t h e  i s o l a t o r s  i n  the!r p r e s e n t  con- 
f i g u r a t i o n  w i l l  have t o  b e  i n c r e a s e d  beyond t h e i r  p r e s e n t  o v e r a l l  l e n g t h  of 
6  i n c h e s  by abou t  a  f a c t o r  of 10 t o  m a i n t a i n  t h e  r e q u i r e d  induc tance  t o  pro- 
duce t h e  d e s i r e d  20 ohm i s o l a t o r  impedance a t  88kHz. The c o s t ,  l e n g t h ,  and 
weigh t  of such a  4000 ampere u n i t  i s  no l o n g e r  a s  a t t r a c t i v e  a s  t h e  400 ampere 
u n i t ,  and a s  such  i s  probab ly  a n  i m p r a c t i c a l  i s o l a t o r  s o l u t i o n  f o r  50-ton 
locomotives .  S p e c i a l  f e r r i t e  c a s t i n g s  t o  improve t h e  c o r e  geometry, and t h e r e -  
f o r e ,  reduce t h e  o v e r a l l  volume of t h e  c o r e  may b e  p o s s i b l e ,  b u t  s i g n i f i c a n t  
r e d u c t i o n s  i n  volume d o n ' t  l o o k  t o o  promising upon f i r s t  examinat ion.  
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, e p r e s e n t a t i c n  
i l l u s t r a t e d  i n  
f i g u r a t i o n  of 
of how such a  t echn ique  can be  a p p l i e d  t o  t h e  t r o l l e y  problem 
F i g u r e  1A.* F i g u r e  l B *  shows an  e q u i v a l e n t  c i r c u i t  f o r  t h e  
F i g u r e  1 A .  I n  t h i s  e q u i v a l e n t  c i r c u i t ,  t h e  t e rmina l - to -  
t e r m i n a l  impedance is  t h a t  which i s  added i n  series w i t h  t h e  t r o l l e y .  It 
should be  n o t e d  t h a t  t h e  magnet ic  element does  n o t  a f f e c t  t h e  t r o l l e y  c a b l e  
i n  terms of d c  r e s i s t a n c e ,  s i n c e  t h e  c a p a c i t o r  and r e s i s t o r  a r e  i n d u c t i v e l y  
coupled t o  t h e  c o r e  a s  opposed t o  be ing  connected t o  t h e  t r o l l e y  w i r e .  The 
e q u i v a l e n t  c i r c u i t  shows t h a t  t h e r e  can b e  c o n s i d e r a b l e  impedance a t  t h e  
c a r r i e r  f requency i f  t h e  c i r c u i t  i s  tuned t o  t h e  c a r r i e r .  The c a p a c i t o r  i s  
used t o  accomplish t h i s  t u n i n g ,  w h i l e  t h e  r e s i s t o r  i s  used t o  set  t h e  Q o r  
q u a l i t y  f a c t o r  of t h e  c i r c u i t ,  and t h u s  t h e  c i r c u i t  impedance ( Z  = QwoL) a t  
t h e  c a r r i e r  f requency  . 
There  a r e  two problems a s s o c i a t e d  w i t h  implemeting t h i s  scheme. F i r s t ,  and 
most i m p o r t a n t ,  t h e  magnet ic  c o r e  i s  s u b j e c t  t o  s a t u r a t i o n  by t h e  v e r y  sub- 
s t a n t i a l  dc  c u r r e n t s  drawn by t h e  t r o l l e y  motors.  Secondly,  t h e  t r a n s f o r m e r  
must have s u f f i c i e n t  Q a t  t h e  c a r r i e r  f requency  i n  o r d e r  t h a t  t u n i n g  w i l l  pro- 
duce t h e  d e s i r e d  impedance v a l u e .  
W e  have i n v e s t i g a t e d  s e v e r a l  m a t e r i a l s  which seemed t o  b e  p o t e n t i a l l y  a p p l i -  
c a b l e  f o r  t h i s  u s e ,  and t h e  f o l l o w i n g  c o n c l u s i o n s  app ly :  
1. Powdered i r o n  c o r e s .  I n  p r i n c i p l e  t h e s e  c o r e s  w i l l  perform 
t h e  f u n c t i o n ;  however, t h e  c o s t  i s  h i g h .  
2.  Laminated t r a n s f o r m e r  i r o n .  The e f f e c t i v e  p and q u a l i t y  
f a c t o r  a t  88kHz a r e  m a r g i n a l ,  w h i l e  t h e  c o s t  and weight: 
a r e  a l s o  h igh .  
3. F e r r i t e  m a t e r i a l s .  The c o s t  i s  moderate ,  t h e  p and 
q u a l i t y  f a c t o r s  a r e  adequa te ,  b u t  t h e  s a t u r a t i o n  l e v e l s  
m a r g i n a l  f o r  t r o l l e y  a p p l i c a t i o n s .  
The f o l l o w i n g  t a r g e t  s p e c i f i c a t i o n s  were s e t  by u s  f o r  an r f  i s o l a t o r  of t h i s  
t y p e  : 
. DC c u r r e n t  r a t i n g :  0  t o  2000 amperes (wi thou t  damage 
t o  c i r c u i t ) .  
. DC o p e r a t i n g  c u r r e n t :  0  t o  400 amperes (impedance w i l l  
b e  w i t h i n  - + 30% of t a r g e t ) .  
. Impedance: Larger  t h a n  20 ohms a t  88kHz o r  a t  100kHz. 
. Bandwidth: 8.8kHz o r  10kHz. 
* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  app ly  t o  t h o s e  i n  t h i s  
Chap te r  u n l e s s  o t h e r w i s e  n o t e d .  
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Trolley Wire 
FIGURE 1A REPRESENTATION O F  SINGLE-TURN COUPLED IMPEDANCE 
ELEMENT INSTALLED O N  A TROLLEY POLE 
FIGURE 1 6  EQUIVALENT CIRCUIT O F  IMPEDANCE ELEMENT 
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C . DESIGN CALCULATIONS 
The f i r s t - o r d e r  d e s i g n  i s  ex t remely  s i m p l e  and f o r  most c o n f i g u r a t i o n s  
y i e l d s  r e s u l t s  w i t h i n  s e v e r a l  p e r c e n t  of a c t u a l  d e s i g n  v a l u e s .  Cons ide r  
t h e  c o r e  c o n f i g u r a t i o n  a s  shown i n  F i g u r e  2.  The r e l u c t a n c e  of t h e  magne t i c  
p a t h  is:  
where !LM = l e n g t h  of p a t h  i n  magne t i c  m a t e r i a l  
!LA = l e n g t h  of p a t h  i n  a i r  
p~ 
= p e r m e a b i l i t y  of magne t i c  m a t e r i a l  
uA = p e r m e a b i l i t y  of a i r .  
I f  t h e  p of t h e  magne t i c  m a t e r i a l  i s  1000 t i m e s  t h a t  of a i r ,  t h e n  f o r  an  a i r  
gap t h a t  i s  more t h a n  1 /100  of t h e  magne t i c  p a t h  l e n g t h ,  t h e  r e l u c t a n c e  and 
hence  t h e  i n d u c t a n c e  of a  winding on t h e  c o r e  i s  dominated by t h e  a i r  gap. 
Thus, f o r  o u r  purposes  where t h e  a i r  gap and magne t i c  m a t e r i a l  p a t h s  a r e  
known t o  have abou t  t h e  r i g h t  r e l a t i o n s h i p s ,  t h e  f i r s t - o r d e r  d e s i g n  p roceeds  
on t h e  b a s i s  t h a t  t h e  a i r  gap dominates  complete ly .  T h i s  f a c t  i s  t r u e  up t o  
t h e  p o i n t  where t h e  d c  c u r r e n t ,  and hence  t h e  magne t i c  f l u x  d e n s i t y ,  becomes 
s o  l a r g e  t h a t  t h e  magnet ic  m a t e r i a l  s a t u r a t e s  and reduces  t h e  e f f e c t i v e  pe r -  
m e a b i l i t y  t o  a  v a l u e  s i g n i f i c a n t l y  l e s s  t h a n  1000. 
The d e s i g n  p rocedure  i s  t o  s e l e c t  t h e  v a l u e  of f l u x  d e n s i t y  (B gauss )  i n  
t h e  magne t i c  m a t e r i a l  a t  which t h e  i n c r e m e n t a l  p e r m e a b i l i t y  i s o r e d u c e d  by 
s a t u r a t i o n  t o  t h e  minimum a c c e p t a b l e  v a l u e .  The a i r  gap i n  t h e  magne t i c  
p a t h  i s  s e l e c t e d  s o  t h a t  t h e  maximum motor c u r r e n t  f o r  which t h e  i s o l a t o r  
must work, I produces  j u s t  t h i s  f l u x  d e n s i t y  i n  t h e  gap and i n  t h e  mag- 
0 '  
n e t i c  m a t e r i a l .  Because we a r e  d e a l i n g  w i t h  a  s i n g l e  t u r n ,  t h e  number of 
ampere t u r n s  becomes I,, t h e  f l u x  d e n s i t y  i s  B o ,  and t h e  magne t i c  f i e l d  
i n t e n s i t y  H i n  t h e  a i r  gap n u m e r i c a l l y  e q u a l s  Bo e x p r e s s e d  i n  o e r s t e d s  
(cgs  u n i t s ) .  The ampere t u r n s  p e r  i n c h  t h e n  become 
Thus the a i r  gap i s  g i v e n  by 
I0 
RA = - cm = I0 B (2.54) i n c h .  Bo - 0 
* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  a p p l y  t o  t h o s e  i n  t h i s  
Chap te r  u n l e s s  o t h e r w i s e  n o t e d .  
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Path in Magnetic Material 
Length  QM 
Cross Sect ion Area A 
FIGURE 2 TOROID WITH AIR GAP 
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A BOA 
The i n d u c t a n c e  i s  L = 7 = - 
l o  IO 
where A e q u a l s  f l u x  l i n k a g e s  i n  Weber t u r n s ,  I, i n  amperes,  and 
A i s  c r o s s - s e c t i o n a l  a r e a .  
Thus we can p l o t  t h e  i n d u c t a n c e  p e r  u n i t  a r e a  a s  a  f u n c t i o n  of I f o r  v a r i o u s  
c a n d i d a t e  m a t e r i a l s .  The Ferroxcube,  3C5 m a t e r i a l ,  can b e  o p e r a f e d  a t  2500 
gauss  and s t i l l  m a i n t a i n  s u f f i c i e n t  i n c r e m e n t a l  p e r m e a b i l i t y  f o r  t h e  a i r  gap 
t o  dominate.  A p l o t  of i n d u c t a n c e  p e r  s q u a r e  i n c h  of c r o s s - s e c t i o n  f o r  t h i s  
m a t e r i a l  i s  shown i n  F i g u r e  3. Using t h i s  p l o t  one can de te rmine  t h c  c o r e  
c r o s s - s e c t i o n  a r e a  r e q u i r e d  t o  meet a  s p e c i f i c  d e s i g n .  As a n  example, assume 
t h a t  t h e  i s o l a t o r  must f u n c t i o n  f o r  c u r r e n t s  up t o  400 amperes. From t h e  
p l o t  of  F i g u r e  3 ,  i t  i s  s e e n  t h a t  an  i n d u c t a n c e  of .4 m i c r o h e n r i e s  p e r  s q u a r e  
i n c h  i s  usab le .*  
The d e s i r e d  r e s o n a n t  impedance i s  20 ohms. For  a  Q of 1 0 ,  t h i s  impedance i s  
t e n  t i m e s  t h e  i n d u c t i v e  r e a c t a n c e  p rov ided  by t h e  c o r e  i t s e l f  a t  88kHz. Thus 
t h e  i n d u c t i v e  r e a c t a n c e  r e q u i r e d  of t h e  c o r e  i s  2  ohms, co r respond ing  t o  an 
i n d u c t a n c e  of 3 .58 m i c r o h e n r i e s .  The c r o s s - s e c t i o n a l  a r e a  r e q u i r e d  i s  t h u s  
9.2 s q u a r e  i n c h e s .  Were a r b i t r a r y  shapes  of f e r r i t e  m a t e r i a l  a v a i l a b l e ,  one 
cou ld  s e l e c t  t h e  shape  t h a t  would p r o v i d e  t h i s  c r o s s - s e c t i o n a l  a r e a  t o  b e s t  
match t h e  s p a c e  a v a i l a b l e  i n  a  locomot ive  f o r  i n s t a l l a t i o n .  For example,  a  
t o r o i d  of  o u t s i d e  d i a m e t e r  5", i n s i d e  d i a m e t e r  l", and a  l e n g t h  of 4.5" would 
p r o v i d e  t h e  r e q u i r e d  c o r e  c r o s s - s e c t i o n a l  a r e a .  S i m i l a r  c a l c u l a t i o n s  can b e  
performed f o r  b o t h  l a r g e r  and s m a l l e r  c u r r e n t  r a t i n g s .  
D. LABORATORY TEST DATA 
U n f o r t u n a t e l y ,  f o r  p r e s e n t  e x p e r i m e n t a l  i n v e s t i g a t i o n s ,  u s e  must be  made of 
a v a i l a b l e  c o r e s  which a r e  q u i t e  l i m i t e d  i n  t h e  s i z e s  and shape  f a c t o r s  t h a t  
a r e  a t t r a c t i v e  f o r  o u r  purpose .  W e  have done exper iments  on a v a i l a b l e  
s t a n d a r d  c o r e s .  The r e s u l t s  of  t h e s e  exper iments  a r e  shown i n  F i g u r e  4, 
which i l l u s t r a t e s  t h e  e f f e c t s  of t h e  s a t u r a t i o n  of a  f e r r i t e  c o r e  p a i r .  
These d a t a  were s u f f i c i e n t l y  encourag ing  t h a t  a  set  of tuned i s o l a t o r s  were 
assembled f o r  test  i n  a  l a b o r a t o r y  i n  p r e p a r a t i o n  f o r  f i e l d  e v a l u a t i o n  i n  
an  a c t u a l  t r o l l e y  phone system. The g o a l  was t o  a c h i e v e  a  20 ohms impedance 
a t  88kHz w i t h  a  bandwidth of 8.8kHz and a  d c  o p e r a t i n g  c u r r e n t  r a t i n g  of  400 
amperes. W e  b e l i e v e  t h a t  a  r a t i n g  of 400 amperes w i l l  s u f f i c e  f o r  many condi-  
t ions** ,a l though  i t  does  p r e c l u d e  o p e r a t i o n  d u r i n g  s t a r t i n g  and under  ex t remely  
*S imi la r  c a l c u l a t i o n s  were made f o r  powdered i r o n  and l a m i n a t e d  i r o n  c o r e s .  
The powdered i r o n  c o r e s  were r e j e c t e d  on t h e  b a s i s  of  e x c e s s i v e  c o s t .  Lamin- - - 
a t e d  c o r e s  w i t h  4  m i l  and 2  m i l  t h i c k  l a m i n a t i o n s  were purchased  and t e s t e d  
a s  were t h e  f e r r i t e  co res .  The l amina ted  c o r e s  were t h e n  r e j e c t e d  because  
t h e i r  i n a d e q u a t e  Q f a c t o r  r e q u i r e d  an e x c e s s i v e  number of  t h e  expens ive  c o r e s  
t o  a c h i e v e  t h e  d e s i r e d  impedance. 
** See n o t e  on f i r s t  page o f  t h i s  Chap te r .  
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heavy l o a d ' c o n d i t i o n s .  The system w i l l  n o t  b e  damaged by much l a r g e r  
c u r r e n t s  b u t  w i l l  merely  be  detuned from 88kHz. The i s o l a t e r  u n i t  w a s  
comprised of  s i x  U s e c t i o n s  and s i x  I s e c t i o n s  o f  a s t a n d a r d  commercial 
f e r r i t e  c o r e  as shown i n  F i g u r e  5 .  The c o n f i g u r a t i o n  of  t h e  i s o l a t o r  
is  i l l u s t r a t e d  i n  F i g u r e  6 .  For t h i s  c o n f i g u r a t i o n  t h e  r e l u c t a n c e :  
1 R = - A (?+Pn) and 
v~ 
The magnet ic  material p a t h  l e n g t h  kM i s  10 .5  i n c h e s ,  p~ i s  assumed t o  b e  
1500, and A is  1 s q u a r e  i n c h .  
A p l o t  of t h e  c a l c u l a t e d  and measured i n d u c t a n c e  f o r  a  s i n g l e  p a i r  of t h e s e  
c o r e s  is  shown i n  F i g u r e  7. The Q when tuned t o  88kHz was between 20-30. 
The measured v a l u e  of i n d u c t a n c e  i s  h i g h e r  than  t h e  c a l c u l a t e d  f o r  most 
p o i n t s .  T h i s  can b e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  r e l a t i v e l y  l a r g e  a i r  
gaps cause  p a r t  of t h e  f l u x  t o  f o l l o w  p a t h s  o u t s i d e  t h e  a i r  gap. These 
u n c e r t a i n t i e s  mean t h a t  w h i l e  t h e  formulas  d i s c u s s e d  above a r e  u s e f u l  i n  
de te rmin ing  t h e  nominal v a l u e s  of  c i r c u i t  pa ramete rs ,  t h e i r  e x a c t  v a l u e s  
w i l l  have t o  b e  determined emper ica l ly .  An o p t i o n a l  r e s i s t o r  may b e  added 
i n  p a r a l l e l  w i t h  t h e  t u n i n g  c a p a c i t o r  t o  a d j u s t  t h e  Q downward i f  d e s i r e d .  
E. CONCLUDING REMARKS 
An i s o l a t o r  made of Ferroxcube 3C5 f e r r i t e  t h a t  p rov ides  20 ohms impedance 
a t  88kHz i n  t h e  f a c e  of  400 amperes dc  c u r r e n t ,  w i t h  a  bandwidth of 8.8kH2, 
weighs 8 .7  l b s . ,  and has  o u t s i d e  dimensions of 4-1/2" x  4-1/4" x  6" when made 
of a v a i l a b l e  c o r e  p a r t s .  Th i s  i s o l a t o r  h a s  an opening of  1.25" x  2" a s  a  
passage  f o r  t h e  power c a b l e .  Cost  of t h e  c o r e  p a r t s  i n  s m a l l  q u a n t i t i e s  is  
$48. 
We recommend t h a t  exper iments  b e  done on a  t r o l l e y  phone system t o  t e s t  
i s o l a t o r  performance under  t y p i c a l  c o n d i t i o n s .  A minimum exper iment  would 
i n v o l v e  measuring t h e  t r o l l e y  l i n e  r f  v o l t a g e  as a  locomotive  p a s s e s  a  
measur ing s t a t i o n  f o r  d i f f e r e n t  l e v e l s  of locomotive  power, b o t h  w i t h  and 
w i t h o u t  t h e  r f  i s o l a t o r  d e s c r i b e d  above.* 
*A v e r y  s h o r t  exper iment  s i m i l a r  t o  t h i s  was performed a t  t h e  Bethlehem S t e e l  
Marianna Mine i n  E l l s w o r t h ,  Pennsy lvan ia  on a  50 ton  tandem locomotive .  Rf 
l i n e  v o l t a g e  was measured under s t a t i o n a r y  s i m u l a t e d  load  c o n d i t i o n s  of  apply- 
i n g  f u l l  power t o  1, 2 o r  4  motors w i t h  f u l l  b r a k i n g  a l s o  a p p l i e d .  F u l l  r E  
v o l t a g e  appeared a s  expec ted  under  no-load c o n d i t i o n s ,  b u t  dropped e s s e n t i a l l y  
t o  l e v e l s  ach ieved  i n  t h e  absence  of t h e  i s o l a t o r  under  a l l  t h r e e  l o a d  con- 
d i t i o n s ,  becasue  t h e  400 ampere s a t u r a t i o n  r a t i n g  w a s  exceeded f o r  a l l  3  l o a d s .  
F u r t h e r  d e t a i l e d  i n q u i r y  of mine o p e r a t o r s  and equipment manufac tu re r s  r e v e a l e d  
t h e  3000-4000 ampere l o a d s  t y p i c a l  of 50-ton locomotives  o p e r a t i n g  a t  275 v o l t s ,  
and l e d  t o  t h e  c o n c l u s i o n s  of t h e  a s t e r i s k e d  n o t e  on t h e  f i r s t  page of t h i s  
Chapter .  
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This core is 
manufactured in 3C5 ferrite material only. 
(See Section 1 for material characteristics) 
available in U-U and U-I configurations. 
(for a complete U-I core set, specify 
not available with bobbins or mounting 
When ordering cores, specify core part numb 
both part 
hardware. 
~er and ferrit 
U CORE, Part Number lF5  
I CORE, Part Number 185 
numbers) 
:e material. 
e.g.: 1F5-3C5 or 1B5-3C5 
HALF ACTUAL S I Z E  
CHARACTERISTICS 
& DIMENSIONS 
NOMINAL DIMENSIONS I N  INCHES 
SINGLE 
DIMENSION U CORE U-U U-l 
A 4.00 4.00 4.00 
B 1 .oo 1.00 1.00 
C 1.00 1.00 1.00 
D 1.25 2.50 1.25 
E 2.25 4.50 3.250 
F 2.00 2.00 2.00 
G 1 .oo 1.00 1.00 
AL m H  per 
1000 turns A 5 0 0  26900 27850 a 8 5 0  
2100 3000 
pe ref .  (min.) at 25OC at 1 OO°C 




930 grams 660srams 
Source: Ferroxcube Corp., Linear Ferrite Materials & Components Catalogue 
FIGURE 5 CORES USED I N  EXPERIMENT 
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FIGURE 6 CONFIGURATION OF CORES FOR ISOLATOR 





A MnZn ferrite for high flux density applications. The losses 
and permability are controlled under high flux density, 
high temperature conditions. This will ensure proper per- 
formance in the actual applications. 
This 3C5 material is available in the largest standard core 
configurations produced by Ferroxcube. 
Ava~lable In 
TOROIDS 
E, U & I CORES 
3C5 CHARACTERISTICS 
Parameters shown are typical values, based upon measure. 
merits of a 1" toroid. 
P ~ m e a b r l ~ t y  k > 3 0 0 0  
a1 25'C. 
8 - 1000 gauss 
at 100°C. > 4000 
€4 = 2 0 0 0  gauss 
Losses 
1 W ° C .  2 0 0 0  gauss 1 6 0  mW/CM1' 
Saturatmn Flux 8 s  3 8 0 0  gauss' 
D e n s ~ t v  at 25CC. 
H 2 oerneds 
Coercwe Farce H C  0 2 ocrncd'  
Curie Temperature c 3 2OO0C 
INITIAL PERMEABILITY (pol n. FREQUENCY 
I d lo5 lo6 I o8 
FREOUENCY IHzI 
A 
PERMEABILITY (pal  vs. FLUX DENSITY IS) 
INITIAL PERMEABILITY l k l  n. TEMPERATURE 
5 M 0 , 1 , 1 , 1 1 1 1 1 1  . . 
. . .  
. . . . .  
. . . . . . .  . . . . . . .  . . , .  . . 
. . . . . . .  
-50 -25 0 25 50 75 100 125 150 175 200 
TEMPERATURE I'CI 
Source: Ferroxcube Corp., Linear Ferrite Materials & Components Catalogue 
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3 C 5  FERRlTE 
CHARACTERISTIC CURVES 
TAN 6 
HYSTERESIS CURVE LOSS FACTOR (-----I n. FREQUENCY 
Po 
CORE LOSS n. FLUX DENSITY 
TAN 6 -
DO 
lo3 1 0' lo5 lo6 
FREQUENCY (Hz) 
F L U X  DENSITY (GAUSS1 
Source: F e r r o x c u b e  C o r p . ,  Linear Ferrite Materials & Components Catalogue 
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111. A DIVERSITY METHOD FOR COMBATTING STANDING WAVE NULLS 
A s  d i scussed  i n  Sec t ion  F of Chapter I of t h i s  P a r t ,  unmatched loads  placed 
ac ros s  t h e  t r o l l e y  w i r e / r a i l  t ransmiss ion  l i n e  produce r e f l e c t i o n s  t h a t  
r e s u l t  i n  s t and ing  wave v a r i a t i o n s  i n  vo l t age ,  c u r r e n t ,  and impedance along 
t h e  l i n e .  I n  mines, t he se  loads  i nc lude  DC power s u b s t a t i o n s ,  pumps, motors 
of haulage v e h i c l e s ,  e t c . ,  d i s t r i b u t e d  along t h e  length  of t h e  t r o l l e y  r a i l  
network. An example of t h e  vo l t age  and c u r r e n t  s tanding  wave p a t t e r n s  pro- 
duced by a  s i n g l e  mismatched load ac ros s  a  l o s s l e s s  l i n e  is  shown i n  Figure l.* 
The magnitude of t h e  c u r r e n t  is g r e a t e s t  when t h e  magnitude of t h e  vo l t age  is  
s m a l l e s t ,  and v i c e  v e r s a ;  t h e  r e p e t i t i o n  per iod of t h e  p a t t e r n s  i s  a  h a l f  wave 
l eng th  (approximately one mi le  a t  100 kHz) and t h e  r a t i o  of maximum t o  minimum 
magnitudes, VSWR,** ( t h e  vo l t age ,  o r  c u r r e n t ,  s tanding  wave r a t i o )  i n d i c a t e s  
t h e  degree of mismatch between t h e  l oad ,  Z L ,  and t h e  l i n e  c h a r a c t e r i s t i c  
impedance, Zo. 
T ro l l ey  w i r e  c a r r i e r  phones on mine v e h i c l e s  a r e  c a p a c i t i v e l y  coupled t o  t h e  
t ransmiss ion  l i n e  v i a  t h e  t r o l l e y  po l e  drop wi re .  Consequently, when a  vehi- 
c l e  moves i n t o  a  reg ion  conta in ing  one of t h e  vo l t age  minima depic ted  i n  
Figure 1, s i g n a l  r ecep t ion  may be s i g n i f i c a n t l y  degraded, and even l o s t ,  i f  
t h e  n u l l  i s  deep enough. I n  those  mines where t h i s  i s  a  s i g n i f i c a n t  and 
bothersome problem, i t  may be p o s s i b l e  t o  overcome i t  i n  an economical manner; 
namely, by us ing  modified c a r r i e r  phones t h a t  employ a  r e l a t i v e l y  s imple form 
of swi tch ing  divers i ty*** which takes  advantage of t h e  f a c t  t h a t  t h e  l i n e  
c a r r i e r  c u r r e n t  and, t h e r e f o r e ,  t h e  magnetic f i e l d  a r e  maximum when t h e  v o l t -  
age i s  minimum. The method c o n s i s t s  of adding a  second s i g n a l  s enso r ,  namely 
a  loop o r i e n t e d  f o r  maximum coupl ing t o  t h e  t r o l l e y  w i r e  magnetic f i e l d ,  and 
a  c o n t r o l l e d  swi tch  t h a t  a p p l i e s  t h e  loop vo l t age  t o  t h e  c a r r i e r  phone r e c e i v e r  
i npu t  whenever t h e  vo l t age  from t h e  drop wi re  c a p a c i t i v e  pick-off f a l l s  below 
a p r e s e t  r e f e r ence  t h r e sho ld .  The swi tch ing  process  is  reversed  when t h e  
loop vo l t age  f a l l s  below t h e  t h r e sho ld .  
Figure 2 d e p i c t s  i n  b lock  diagram form t h e  b a s i c  elements t h a t  need t o  be 
added (dashed l i n e s )  t o  t he  p re sen t  c a r r i e r  phones t o  provide t h i s  swi tch ing  
d i v e r s i t y .  A s  shown, t h e  c a r r i e r  s i g n a l ,  V 1 ,  from one of t h e  s enso r s  i s  
app l i ed  t o  t h e  c a r r i e r  phone r e c e i v e r  through t h e  d i v e r s i t y  swi tch .  I n  addi- 
t i o n  t o  t h e  r e c e i v e r ' s  normal ope ra t i ons ,  t h e  amplitude of t h i s  s i g n a l  i s  
measured by means of an envelope d e t e c t o r  and then  compared with an app rop r i a t e  
p r e s e t  r e f e r ence  t h r e sho ld .  Whenever t h e  s i g n a l ,  V 1 ,  f a l l s  below t h i s  th res -  
h o l d ,  t h e  l o g i c  sends a swi tch ing  c o n t r o l  s i g n a l  t o  t h e  d i v e r s i t y  swi tch ,  
* References t o  F igures ,  Tables ,  and Equations apply t o  those  i n  t h i s  Chapter 
un l e s s  o therwise  noted.  
** On a  l o s sy  l i n e ,  t h e  VSWR w i l l  even tua l ly  decrease  t o  a va lue  of u n i t y  as 
one moves f u r t h e r  away from t h e  l oad ,  because t h e  r e f l e c t e d  wave gradua l ly  
becomes n e g l i g i b l e  compared wi th  t h e  i n c i d e n t  wave a s  a  r e s u l t  of t h e  l i n e ' s  
a t t e n u a t i o n .  
*** Severa l  types of  space,  f requency,  and p o l a r i z a t i o n  d i v e r s i t y  r ecep t ion  
techniques a r e  commonly used i n  mobile and point- to-point  communications. 
The swi tch ing  d i v e r s i t y  technique d iscussed  h e r e  appears  t o  be t h e  most 
s u i t e d  t o  t h e  mine c a r r i e r  phone a p p l i c a t i o n  from t h e  s t andpo in t s  of s i m -  
p l i c i t y ,  economy, and performance. 
6 . 3 6  
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which i n  t u r n ,  connects  t h e  o u t p u t ,  V2, of  t h e  o t h e r  s enso r  t o  t h e  r e c e i v e r  
i n p u t .  S p e c i a l  f i l t e r i n g  o r  i n t e g r a t i o n  may a l s o  be r equ i r ed  i n  t h e  com- 
p a r a t o r  t o  avoid f a l s e  swi tch ing  caused by impuls ive n o i s e  t r a n s i e n t s  on 
t h e  t r o l l e y  l i n e .  This  swi tch ing  process  i s  repea ted  whenever t h e  app l i ed  
c a r r i e r  v o l t a g e  f a l l s  below t h e  t h r e sho ld .  
Pre l iminary  c a l c u l a t i o n s  i n d i c a t e  t h a t  loop s enso r s  w i th  equ iva l en t  c ross -  
s e c t i o n s ,  NA, of  1-to-10 square  me te r s ,  should prov ide  loop pick-up v o l t a g e s  
w e l l  above 10 mv f o r  t y p i c a l  t r o l l e y  w i r e  c a r r i e r  c u r r e n t s  of about 0.5- 
to-1 ampere. Although loop o r i e n t a t i o n  f o r  maximum response w i l l  b e  some- 
what i n f l uenced  by t h e  hau lage  v e h i c l e  m a t e r i a l  and s t r u c t u r e ,  b e s t  r e s u l t s  
should be ob ta ined  when t h e  t r o l l e y  w i r e  l i e s  i n ,  o r  n e a r  t o ,  t h e  p l ane  o f  
t h e  loop.  Loops loaded w i th  magnetic m a t e r i a l ,  such as f e r r i t e ,  should 
probably be  avoided because of  t h e  presence of h igh  DC background magnetic 
f i e l d s  which may s a t u r a t e  such m a t e r i a l s .  I n  f a c t ,  a  r e c t a n g u l a r  mul t i - tu rn  
a ir  co re  loop of heavy c o n s t r u c t i o n ,  a t t a c h e d  t o  t h e  v e h i c l e  w i t h  t h e  s h o r t  
dimension v e r t i c a l  and t h e  long  dimension running t h e  l eng th  a v a i l a b l e  on 
t op  of t h e  v e h i c l e ,  may o f f e r  t h e  r i g h t  combination of performance, conven- 
i e n c e ,  and ruggedness.  
Fu r the r  i n v e s t i g a t i o n ,  i n c l u d i n g  exper iments ,  i s  r equ i r ed  t o  d e f i n e  t h e  most 
s u i t a b l e  loop  s enso r  s i z e  and con f igu ra t i on ,  and t o  a s s e s s  t h e  e f f e c t i v e n e s s  
and p r a c t i c a l i t y  of t h e  above desc r ibed  swi t ch ing  d i v e r s i t y  method f o r  a p p l i -  
c a t i o n  t o  mine hau lage  v e h i c l e s  f o r  improving t ransmiss ion  a s  w e l l  a s  recep- 
t i o n  performance. F i n a l l y ,  t h e  mine c a r r i e r  phone a p p l i c a t i o n  may w e l l  l end  
i t s e l f  t o  t h e  s imp le s t  embodiment of t h i s  d i v e r s i t y  method, namely, a  com- 
p l e t e l y  manual swi tch ing  ope ra t i on .  This  p o s s i b i l i t y  a r i s e s  because of t h e  
gradua l  manner i n  which t h e  communication performance w i l l  be  degraded a s  
t h e  hau lage  v e h i c l e  approaches n u l l  r eg ions ,  as opposed t o  t h e  f a s t  f ad ing  
phenomena experienced w i th  s u r f a c e  mobile communications a t  much h i g h e r  
f r equenc i e s .  I n  t h i s  manual mode, t h e  on ly  mod i f i ca t i ons  r equ i r ed  w i l l  be 
a s s o c i a t e d  w i th  t h e  a d d i t i o n a l  loop a t t a c h e d  t o  t h e  v e h i c l e  and an appro- 
p r i a t e  mechanical swi tch  t h a t  t h e  v e h i c l e  ope ra to r  can throw when t h e  
r e c e p t i o n  i s  poor o r  nonex i s t en t  on one of t h e  s e n s o r s .  I n  f a c t ,  t h i s  
rudimentary con f igu ra t i on  should prov ide  a s imple  and qu ick  way t o  check 
t h e  p r a c t i c a l  f e a s i b i l i t y  of  t h i s  t ype  of d i v e r s i t y  i n  o p e r a t i o n a l  mine 
environments and w i th  c u r r e n t l y  i n s t a l l e d  c a r r i e r  phones on mine haulage 
v e h i c l e s .  
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PART SEVEN 
M I N E  PAGER PHONE TO PUBLIC 
TELEPHONE INTERCONNECT SYSTEM 
INTRODUCTION 
T h i s  P a r t  d e s c r i b e s  a mine p a g e r  phone t o  p u b l i c  t e l e p h o n e  
i n t e r c o n n e c t  s y s  t e m  t h a t  p e r m i t s  mine p a g i n g  t e l e p h o n e s  t o  be  
s e l e c t i v e l y  i n t e r c o n n e c t e d  w i t h  t h e  p u b l i c  t e l e p h o n e  s y s  t e m ,  
as i l l u s t r a t e d  by F i g u r e  1. T h i s  i n t e r c o n n e c t  c o n c e p t  w a s  
f i r s t  c o n c e i v e d  and  d e m o n s t r a t e d  i n  b r e a d b o a r d  form by H.  E .  
P a r k i n s o n  o f  I n d u s t r i a l  Hazards and Communications,  PMSRC, as 
one  means f o r  p r o v i d i n g  improved emergency and o f f - h o u r s  com- 
m u n i c a t i o n s .  The t h i r d - g e n e r a t i o n  p r o t o t y p e  u n i t  d e s c r i b e d  
i n  t h i s  P a r t  w a s  d e s i g n e d  and f a b r i c a t e d  by A r t h u r  D. L i t t l e ,  
I n c .  T h i s  u n i t  i s  a s m a l l  d e s k - t o p  o r  wal l-mounted u n i t  t h a t  
c o n n e c t s  d i r e c t l y  t o  b o t h  t h e  p u b l i c  t e l e p h o n e  l i n e  and t h e  
mine p a g e r  phone l i n e ,  and r e q u i r e s  no  m o d i f i c a t i o n s  t o  e i t h e r  
t h e  p u b l i c  d i a l  t e l e p h o n e  o r  mine p a g e r  phones .  A s  p a r t  o f  
t h i s  t a s k ,  ADL a l s o  b u i l t ,  u n d e r  a v e r y  compressed t i m e  sched-  
u l e ,  a s e c o n d - g e n e r a t i o n  p r o t o t y p e  u n i t  s u i t a b l e  f o r  r e l i a b l e  
d e m o n s t r a t i o n  o f  t h e  i n t e r c o n n e c t  c o n c e p t  d u r i n g  t h e  B u r e a u ' s  
t e c h n o l o g y  t r a n s f e r  s e m i n a r  on mine communicat ions i n  March 
1973.  * 
A ma jo r  o b j e c t i v e  o f  t h e  d e s i g n  o f  t h e  t h i r d - g e n e r a t i o n  u n i t  
d e s c r i b e d  i n  t h i s  P a r t  w a s  t h a t  i t  be  c o m p a t i b l e  w i t h  p r e s e n t  
mine p a g e r  phone sys t ems  u t i l i z i n g  DC v o l t a g e  on t h e  mine phone 
l i n e  t o  a c t i v a t e  t h e  phone l o u d s p e a k e r s .  T h e r e f o r e ,  t h i s  u n i t  
w a s  d e s i g n e d  t o  o p e r a t e  i n  a push- t o -  t a l k ,  p u s h - t o - l i s  t e n  mode 
t h a t  accommodates t h e  i n h e r e n t  d e s i g n  d i f f e r e n c e s  and  o p e r a t i o n  
modes o f  t h e  mine phones o f  d i f f e r e n t  m a n u f a c t u r e r s .  Though 
t h i s  push- t o -  t a l k ,  push- t o - l i s  t e n  mode o f  o p e r a t i o n  may seem 
s l i g h t l y  u n u s u a l  a t  f i r s t  s i g h t ,  w e  have  found it i s  e a s i l y  
l e a r n e d  by new u s e r s .  However, mine phone m a n u f a c t u r e r s  wish-  
i n g  t o  expand t h e i r  p r o d u c t  l i n e s  w i t h  s u c h  an i n t e r c o n n e c t  
s y s t e m  w i l l  p r o b a b l y  f i n d  it t o  t h e i r  a d v a n t a g e  t o  cus tomize  
t h e  d e s i g n  o f  t h i s  s y s t e m  t o  t h e i r  p a r t i c u l a r  mine phones ,  
t h e r e b y  u t i l i z i n g  t h e  un ique  a t t r i b u t e s  o f f e r e d  by t h e i r  i n d i -  
v i d u a l  p r o d u c t  l i n e s .  T h i s  c u s t o m i z a t i o n  s h o u l d  n o t  be  d i f f i -  
c u l t ,  and  S e c t i o n  111 below s u g g e s t s  some o f  t h e  f e a t u r e s  t h a t  
can  b e  e a s i l y  added t o  f u t u r e  d e s i g n s .  D e t a i l e d  p a r t s  l i s t s  
and c i r c u i t  s c h e m a t i c s  f o r  t h e  p r e s e n t  t h i r d - g e n e r a t i o n  p r o t o -  
t y p e  s y s t e m  can b e  o b t a i n e d  from t h e  s y s t e m  manual s u b m i t t e d  
t o  PMSRC and p l a c e d  on p u b l i c  f i l e .  
* Manufac tu re  o f  a new v e r s i o n  of t h i s  i n t e r c o n n e c t  u n i t  h a s  
s i n c e  been  u n d e r t a k e n  by a ma jo r  m a n u f a c t u r e r  o f  mine commun- 
i c a t i o n  equ ipmen t .  
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PHONE AND PUBLIC TELEPHONE SYSTEMS 
. vn. 
Arthur D Little, lnc 
A. OVERVIEW 
The Mine Pager  Phone t o  P u b l i c  Telephone I n t e r c o n n e c t  Sys t e m  
i s  a  Push- to - t a lk  , P u s h - t o - l i s t e n  sys tem des igned  t o  a l low 
any mine p a g e r  sys tem u s i n g  DC v o l t a g e  on t h e  l i n e  t o  page ,  
t o  be  connec ted  t o  t h e  p u b l i c  t e l e p h o n e  system. The sys tem 
a l l o w s  a u t h o r i z e d  p e r s o n n e l  t o  communicate from t h e  p u b l i c  
t e l e p h o n e  sys tem i n t o  t h e  mine p a g e r  sys tem and v i c e  v e r s a .  
An o u t s i d e  c a l l e r  d i a l s  a  t e l e p h o n e  number a s s i g n e d  t o  t h e  
mine. Then, he  g a i n s  a c c e s s  i n t o  t h e  mine p a g e r  sys tem by 
t r a n s m i t t i n g  a  p r o p e r  t o n e  from a  hand-held t o n e  g e n e r a t o r  
i n t o  h i s  phone f o r  f i v e  seconds .  Once a c c e s s  i s  g a i n e d  i n t o  
t h e  mine h a g e r  sys tem t h e  t o n e  i s  t r a n s m i t t e d  o v e r  t h e  loud- 
s p e a k e r  sys tem f o r  a  few s e c o n d s ,  s i g n a l l i n g  t h a t  an o u t s i d e  
c a l l  i s  coming i n .  The c a l l e r  then  pages  o v e r  t h e  l o u d s p e a k e r s  
u n t i l  t h e  page i s  answered. 
The v a r i o u s  mine p a g e r  sys tems  have f u n c t i o n a l l y  s i m i l a r  
s w i t c h e s  l o c a t e d  i n  d i f f e r e n t  p l a c e s  and o p e r a t e  i n  s l i g h t l y  
d i f f e r e n t  f a s h i o n .  A l l  o f  t h e s e  sys tems w i l l  be  o p e r a t e d  
normal ly  when used  i n  c o n j u n c t i o n  w i t h  t h e  I n t e r c o n n e c t  sys -  
t e m  w i t h  t h e  e x c e p t i o n  o f  a d d i t i o n a l  s w i t c h i n g  o f  t h e  Page 
s w i t c h .  T h i s  o p e r a t i o n a l  d e s c r i p t i o n  w i l l  o n l y  d e s c r i b e  oper-  
a t i o n s  t h a t  a r e  i n  a d d i t i o n  t o  t h o s e  normal ly  r e q u i r e d  t o  
o p e r a t e  t h e  mine p a g e r  phone. 
The p e r s o n  i n  t h e  mine answers t h e  page by momentari ly d e p r e s s -  
i n g  t h e  Page s w i t c h ,  which a l lows  him t o  speak and a l s o  removes 
t h e  p a g i n g  s i g n a l  from t h e  l i n e ,  d i s c o n n e c t i n g  t h e  l o u d s p e a k e r s .  
(The MSA sys tem d e s i g n a t e s  t h i s  s w i t c h  a s  t h e  Push-to-Page 
s w i t c h  and i t  i s  l o c a t e d  on t h e  h a n d s e t ;  i t  i s  c a l l e d  t h e  Page 
But ton  on t h e  Gai-Tronics sys tem and i s  l o c a t e d  on t h e  f r o n t  
p a n e l ;  t h e  s w i t c h  i s  a l s o  l o c a t e d  on t h e  f r o n t  p a n e l  o f  t h e  
Femco sys tem and i s  d e s i g n a t e d  t h e  Page s w i t c h . )  To c a r r y  on 
a  two-way c o n v e r s a t i o n  t h e  u s e r  o f  t h e  mine phone must momen- 
t a r i l y  d e p r e s s  t h e  Page s w i t c h  each  t i m e  h e  wishes  t o  change 
from t h e  t a l k  mode t o  t h e  l i s t e n  mode o r  v i c e  v e r s a .  
The I n t e r c o n n e c t  sys tem a l s o  works i n  t h e  r e v e r s e  d i r e c t i o n ,  
from t h e  mine o n t o  t h e  o u t s i d e  t e l e p h o n e  system. The in-mine 
u s e r  removes t h e  h a n d s e t  from t h e  mine phone and w i t h  t h e  
p r o p e r  hand-held t o n e  g e n e r a t o r  a p p l i e s  a  t o n e  i n t o  t h e  mouth- 
p i e c e  o f  h i s  h a n d s e t  f o r  f i v e  seconds .  The t o n e  a c t i v a t e s  
t h e  I n t e r c o n n e c t  sys tem which a u t o m a t i c a l l y  d i a l s  a  p repro-  
gramrned t e l e p h o n e  number. The t e l e p h o n e  number i s  programmed 
by s e t t i n g  t h e  number on t h e  thumb-wheel s w i t c h e s  on t h e  f r o n t  
p a n e l  o f  t h e  I n t e r c o n n e c t  sys tem hous ing .  E x t e r n a l  and i n t e r n a l  
pho tographs  o f  t h e  i n t e r c o n n e c t  sys tem a r e  shown i n  F i g u r e s  2 
and 3. D e t a i l  o p e r a t i o n a l  d e s c r i p t i o n s  o f  t h e  incoming and o u t -  
go ing  c a l l  sequences  a r e  g iven  below. O p e r a t i o n  o f  t h e  s y s t e m  
d u r i n g  each  o f  t h e s e  sequences  can be fo l lowed  on t h e  o v e r a l l  
f low d iagram i n  F i g u r e  4 .  































































































































































FIGURE 4 OPERATIONAL FLOW DIAGRAM 
MINE PAGER TO PUBLIC TELEPHONE 
INTERCONNECT SYSTEM 
7 . 6  Arthur D Little, Inc 
SWITCHING 
CIRCUIT t , DIALING MODULE 
B. I N C O M I N G  CALL SEQUENCE 
To a c t u a t e  t h e  I n t e r c o n n e c t  sys tem from an o u t s i d e  t e l ephone ,  
t h e  c a l l e r  must f i r s t  know t h e  t e l ephone  number o f  t h e  sys tem 
and must a l s o  have t h e  p r o p e r  f requency t one  g e n e r a t o r .  Pos- 
s e s s i n g  t h e s e ,  t h e  c a l l e r  d i a l s  t h e  number, which g e n e r a t e s  
t h e  r i n g  s i g n a l .  The r i n g  goes o v e r  t h e  t e l ephone  l i n e s ,  
through t h e  t e l ephone  company's connec t i ng  arrangement and t h e  
t r a n s f o r m e r  o f  t h e  Crown Adapter  and i n t o  t h e  r i n g  f requency 
decoder .  The r i n g  f requency decoder  i s  des igned  t o  d i sc r im-  
i n a t e  a g a i n s t  a l l  s i g n a l s  e x c e p t  t h e  20 Hz r i n g  s i g n a l  gener-  
a t e d  by t h e  t e l ephone  system. The o u t p u t  o f  t h e  r i n g  f requency 
decoder  goes t o  t h e  r i n g  c o u n t i n g  c i r c u i t .  When t h e  c i r c u i t  
r e cogn i ze s  two r i n g s ,  i t  d r i v e s  t h e  o f  f-hook r e l a y ,  " answering" 
t h e  phone, and a c t i v a t e s  t h e  au toma t i c  hang-up t i m e r .  
Once t h e  phone has  been a u t o m a t i c a l l y  "answered" ,  t h e  c a l l e r  
must g a i n  a c c e s s  t o  t h e  mine page r  system. In  o r d e r  t o  a l low 
o n l y  a u t h o r i z e d  c a l l s  i n t o  t h e  mine page r  sys tem,  t h e  I n t e r -  
connec t  sys tem use s  a  t one  r e c o g n i t i o n  c i r c u i t  t h a t  i s  o n l y  
a c t i v a t e d  by a  p r o p e r  f requency  t one .  Thus an a u t h o r i z e d  
c a l l e r  h a s  o n l y  t o  g e n e r a t e  t h a t  t one  i n t o  t h e  mouthpiece o f  
h i s  phone f o r  f i v e  seconds .  Th i s  t one  i s  r ecogn i zed ,  a c t i -  
v a t i n g  t h e  pag ing  p o r t i o n  o f  t h e  mine page r  sys tem through 
t h e  Incoming Page A c t i v a t o r .  The c a l l e r  may t h e n  t a l k  o v e r  
t h e  l oudspeake r s  o f  t h e  mine phones pag ing  t h e  pe rson  t o  
whom he wishes  t o  speak.  
I f ,  once t h e  c a l l  i s  "answered" ,  t h e  p r o p e r  f requency t o n e  i s  
n o t  t r a n s m i t t e d  i n t o  t h e  sys tem w i t h i n  20 s econds ,  t h e  sys tem 
w i l l  be "hung-up" by t h e  au toma t i c  hang-up t i m e r .  Th i s  a l -  
lows off-hook t i m e  due t o  improper c a l l s  t o  be k e p t  t o  a  min- 
imum. 
When t h e  page i s  answered,  t h e  answerer  must momentari ly de- 
p r e s s  t h e  Page s w i t c h  o f  t h e  mine phone. Th i s  a c t i v a t e s  t h e  
Push- to - ta lk  s w i t c h i n g  c i r c u i t  which s e r v e s  a  twofo ld  purpose .  
One, it d i s c o n n e c t s  t h e  l oudspeake r s  i n  t h e  mine sys tem and 
two, it opens t h e  incoming r e l a y  and c l o s e s  t h e  ou tgo ing  r e l a y  
o f  t h e  I n t e r c o n n e c t  system. The answerer  can t h e n  t a l k  i n t o  
h i s  h a n d s e t  through t h e  ou tgo ing  vo i ce  a m p l i f i e r  t o  t h e  te le-  
phone sys tem.  When he  h a s  f i n i s h e d  t a l k i n g ,  he  must aga in  
momentarily d e p r e s s  t h e  Page sw i t ch  i n  o r d e r  t o  l i s t e n .  The 
Page s w i t c h  must be dep re s sed  each  t i m e  t h e  t r a n s m i s s i o n  mode 
changes. I n  o t h e r  words ,  pushed t o  t a l k  and pushed aga in  t o  
l i s t e n .  The b u t t o n  need n o t  be h e l d  i n ,  a s  a  m a t t e r  o f  f a c t ,  
i t  i s  b e s t  n o t  h e l d  i n  s i n c e  t h i s  would cause  t h e  conve r sa t i on  
t o  be  b r o a d c a s t  o v e r  a l l  t h e  l oudspeake r s  i n  t h e  mine page r  
sys tem.  
There a r e  two normal methods o f  d i s c o n n e c t i n g  t h e  mine pager  
sys tem from t h e  t e l ephone  sys tem.  One i s  manual ly ,  a f t e r  t h e  
Arthur U Little, lnc 
end  o f  t h e  c o n v e r s a t i o n ,  and t h e  o t h e r  i s  a u t o m a t i c a l l y ,  
a f t e r  a  s p e c i f i e d  t i m e .  I n  o r d e r  t o  manually hang-up t h e  
sys tem,  a  t o n e  h a s  t o  be t r a n s m i t t e d  i n t o  t h e  h a n d s e t  mouth- 
p i e c e  by e i t h e r  t h e  c a l l e r  o r  t h e  answerer .  T h i s  t o n e  a g a i n  
goes th rough  t h e  t o n e  r e c o g n i t i o n  c i r c u i t  which decodes it 
and removes t h e  d r i v e  from t h e  off-hook r e l a y ,  "hanging t h e  
phone up".  The a u t o m a t i c  hang-up o c c u r s  when t h e  hang-up 
t i m e r  t u r n s  o f f  a f t e r  s i x  minutes,  removing t h e  d r i v e  from t h e  
o f  f-hook r e l a y .  The a u t o m a t i c  hang-up f e a t u r e  i n s u r e s  t h a t  
t h e  I n t e r c o n n e c t  sys tem w i l l  n o t  be d i s a b l e d  f o r  more than  
t h e  p r e s e t  t i m e  because  of  an i n c o r r e c t  hang-up. The sys tem 
may a l s o  be rr~anually hung-up i n  an emergency by u s i n g  t h e  
rfiar~ua.1 hang-up s w i t c h ,  l a b e l e d  " C l e a r " ,  on t h e  f r o n t  p a n e l  of  
t h e  I n t e r c o n n e c t  s y s t e m ' s  hous ing.  Th i s  l i g h t e d  pushbu t ton ,  
when l i t ,  i n d i c a t e s  t h a t  t h e  sys tem i s  i n  t h e  off-hook mode. 
I f  need be, t h e  sys tem can be hung-up by push ing  t h i s  push- 
b u t t o n ,  which hangs up t h e  sys tem,  e x t i n g u i s h i n g  t h e  lamp. 
C .  OUTGOING CALL SEQUENCE 
An o u t g o i n g  c a l l  can be  o r i g i n a t e d  from any mine p a g e r  phone 
connected  t o  t h e  I n t e r c o n n e c t  s y s  t e m .  Again, o n l y  a u t h o r i z e d  
p e r s o n n e l  can c a l l  o u t  s i n c e  a  p r o p e r  f r equency  t o n e  g e n e r a t o r  
i s  needed. When someone wishes  t o  c a l l  o u t ,  he  goes t o  t h e  
n e a r e s t  mine phone and removes t h e  h a n d s e t  from i t s  c r a d l e .  
H e  t h e n  t r a n s m i t s  t h e  t o n e  i n t o  t h e  h a n d s e t  mouthpiece f o r  
f i v e  seconds .  I t  s h o u l d  be  n o t e d  t h a t  t h i s  i s  t h e  same a s  
t a l k i n g ;  and i f  t h e  sys tem i n  use  r e q u i r e s  d e p r e s s i o n  o f  a  
Talk  s w i t c h ,  t h i s  must  be done. 
The g e n e r a t e d  t o n e  goes t o  t h e  t o n e  r e c o g n i t i o n  c i r c u i t  where 
i t  i s  decoded,  t h e r e b y  a c t i v a t i n g  t h e  a u t o m a t i c  hang-up t i m e r  
and d r i v i n g  t h e  off-hook r e l a y  i n  t h e  Crown Adap te r ,  " p i c k i n g  
up t h e  phone". S i m u l t a n e o u s l y ,  t h e  r e l a y  of  t h e  incoming am- 
p l i f i e r  i s  a c t i v a t e d ,  a s  i s  t h e  a u t o m a t i c  d i a l e r .  
The a u t o m a t i c  d i a l e r  i s  a  module i n  t h e  I n t e r c o n n e c t  sys tem 
w i t h  a  programmed number t h a n  can b e  manually s e l e c t e d  i n  t h e  
mine o f f i c e .  When it i s  a c t i v a t e d  by t h e  t o n e  decoder  c i r c u i t ,  
it a u t o m a t i c a l l y  d i a l s  t h a t  number. Thus t h e  c a l l e r  h a s  no 
a b i l i t y  t o  de te rmine  t h e  number d i a l e d ,  j u s t  t h e  a b i l i t y  t o  
have it d i a l e d .  
Once t h e  number i s  d i a l e d ,  t h e  c a l l e r  can l i s t e n  t o  t h e  r i n g  
and h e a r  when t h e  o u t s i d e  phone i s  answered. The c a l l e r  must 
t h e n  momentari ly d e p r e s s  t h e  Page s w i t c h ,  which opens t h e  i n -  
coming r e l a y  and c l o s e s  t h e  o u t g o i n g  r e l a y  i n  o r d e r  f o r  t h e  
i n s i d e  c a l l e r  t o  be h e a r d  by t h e  o u t s i d e  p a r t y .  The Page 
s w i t c h  must be momentari ly d e p r e s s e d  each  t i m e  t h e  t r a n s m i s s i o n  
mode changes.  
The hang-up modes a r e  e x a c t l y  t h e  same a s  i n  t h e  incoming 
c a l l  sequence:  manual ly ,  a  t o n e  must be g e n e r a t e d ;  o r  auto-  
m a t i c a l l y ,  when t h e  a u t o m a t i c  hang-up t i m e r  t i m e s  o u t .  Also 
t h e  emergency manual hang-up s w i t c h  can be used t o  c l e a r  t h e  
s y s  t e m .  
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11. SUMMARY OF OPERATIONAL FEATURES 
-- 
A. PRESENT DESIGN 
(1) D i r e c t  connec t ion  t o  o u t s i d e  t e l e p h o n e  l i n e s .  No 
a c o u s t i c  c o u p l e r  r e q u i r e d .  
( 2 )  D i r e c t  connec t ion  t o  mine p a g e r  phone l i n e .  No 
a c o u s t i c  c o u p l e r  o r  p a g e r  phone m o d i f i c a t i o n s  
r e q u i r e d .  
( 3 )  System compat ib le  w i t h  any mine pag ing  sys tem u t i l -  
i z i n g  DC v o l t a g e  on t h e  l i n e  t o  e n a b l e  pag ing .  
( 4 )  Only a u t h o r i z e d  p e r s o n n e l  can use  sys tem.  P r o p e r  
f r equency  t o n e  i s  needed.  
( 5 )  P o c k e t - s i z e d  t o n e  g e n e r a t o r  i s  a l l  t h a t  i s  r e q u i r e d  
f o r  a u t h o r i z e d  pe r son  t o  i n i t i a t e  c a l l .  
( 6 )  S t a n d a r d  8-pin d u a l - i n - l i n e  i n t e g r a t e d  c i r c u i t  used 
f o r  t o n e  r e c o g n i t i o n .  
( 7 )  Des igna ted  t o n e  f requency comple te ly  v a r i a b l e ,  b e i n g  
de te rmined  by a  r e s i s t o r  and/or  c a p a c i t o r ,  t h u s  
sys tem i s  compat ib le  w i t h  a l l  t o n e  g e n e r a t o r s .  
( 8 )  Tone t r a n s m i t t e d  o v e r  l o u d s p e a k e r s  t o  s i g n a l  incoming 
o u t s i d e  c a l l .  
( 9 )  O u t s i d e  c a l l e r  can page o v e r  mine p a g e r  s y s t e m  
l o u d s p e a k e r s  . 
(10)  Convenient  d i a l - o u t  number s e l e c t i o n  v i a  thumb-wheel 
s w i t c h e s  l o c a t e d  on i n t e r c o n n e c t  u n i t  hous ing.  
(11) Sys t e m  a u t o m a t i c a l l y  d i a l s  preprogrammed o u t s i d e  
t e l e p h o n e  number. 
(12)  Automat ic  hang-up t i m e r .  System o n l y  o f f - l i n e  f o r  
20 seconds  due t o  wrong number and s i x  minutes  due 
t o  i n c o r r e c t  hang-up. 
(13)  Manual hang-up s w i t c h  a l lows  a u t o m a t i c  hang-up t i m e r  
t o  be  o v e r r i d d e n .  System can be  c l e a r e d  i n s t a n t a n -  
e o u s l y  from i n t e r c o n n e c t  u n i t .  
( 1 4 )  S m a l l - s i z e d  u n i t  can be e a s i l y  mounted on a  t a b l e  o r  
w a l l  b r a c k e t .  
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B. ADDITIONAL FEATURES FOR FUTURE DESIGNS 
(1) Dual f r e q u e n c y  d e t e c t i o n  a l l o w i n g  e i t h e r  o f  two 
nunber s  t o  be  d i a l e d  a u t o m a t i c a l l y ,  o r  one  o f  
s e v e r a l  by t o n e  combinat ion .  
( 2 )  S t a t u s  i n d i c a t o r  lamps.  
( 3 )  Complete d u p l e x  s y s t e m  e l i m i n a t i n g  P u s h - t o - t a l k  
o p e r a t i o n .  
( 4 )  O p e r a t i o n  w i t h  2 4  v o l t  sys t ems .  
( 5 )  Audio warn ing  s i g n a l  one  m i n u i t e  p r i o r  t o  a u t o m a t i c  
hang-up 
6 R e t r i g g e r i n g  o f  a u t o m a t i c  hang-up t i m e r  t h rough  
use  o f  second  t o n e ,  t h e r e b y  e x t e n d i n g  c o n v e r s a t i o n  
t i m e  beyond s i x  m i n u t e s .  
( 7) I n t e r c o n n e c t i o n  o f  two s e p a r a t e  mine p a g i n g  s y s  t e m s  
i n  d i f f e r e n t  mines by u s i n g  two I n t e r c o n n e c t  u n i t s .  
111. INSTALLATION PROCEDURE 
I n  o r d e r  t o  c o n n e c t  a  mine p a g e r  phone s y s t e m  t o  t h e  Mine 
P a g e r  Phone t o  P u b l i c  Telephone  I n t e r c o n n e c t  Sys tem,  i t  must 
m e e t  two c r i t e r i a :  f i r s t ,  t h e  P a g e r  sys t em must use  12 v o l t s  
DC t o  a c t i v a t e  i t s  p a g i n g  c i r c u i t  and s e c o n d ,  i t  must be i n -  
s t a l l e d  w i t h  a l l  c a b l e  c o n n e c t i o n s  o b s e r v i n g  p o l a r i t y .  I f  
t h e s e  r e q u i r e m e n t s  a r e  m e t ,  t h e  I n t e r c o n n e c t  s y s t e m  w i l l  en-  
a b l e  t h e  mine p a g e r  phone s y s t e m  t o  i n t e r c o n n e c t  w i t h  t h e  
p u b l i c  t e l e p h o n e  s y s  t e m .  
The a c t u a l  i n s t a l l a t i o n  o f  t h e  I n t e r c o n n e c t  sys t em is  s i m p l e  
and can  b e  pe r fo rmed  by any mechanic.  The first  c o n n e c t i o n  
made i s  t h e  c o n n e c t i o n  t o  t h e  Mine P a g e r  Phone c a b l e .  T h i s  
r e q u i r e s  c o n n e c t i o n  o f  t h e  two w i r e s  o f  t h e  p a g e r  c a b l e  t o  
t h e  P a g e r  Connec t ion  b i n d i n g  p o s t s  on t h e  I n t e r c o n n e c t  s y s  t e m  
h o u s i n g .  A s  s t a t e d  above,  p o l a r i t y  must  be  o b s e r v e d ,  w i t h  
t h e  + s i d e  o f  t h e  b a t t e r i e s  g o i n g  t o  t h e  + ( r e d )  p o s t  and t h e  
- s i d e  t o  t h e  - ( b l a c k )  p o s t .  
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The n e x t  connec t ion  r e q u i r e d  i s  t h e  connec t ion  t o  t h e  t e l e -  
phone company s u p p l i e d  connec t ing  arrangement .  Th is  j u s t  
e n t a i l s  matching f o u r  w i r e s  t o  t h e i r  a p p r o p r i a t e  c o l o r s  on 
bo th  t h e  connec t ing  arrangement and t h e  I n t e r c o n n e c t  sys tem 
housing.  Thus, r e d  goes  t o  r e d ,  g reen  t o  g r e e n ,  yel low t o  
yel low and b l ack  t o  b l a c k .  Th is  connec t s  t h e  mine pager  phone 
sys tem t o  t h e  t e lephone  l i n e  through t h e  I n t e r c o n n e c t  system. 
The f i n a l  connec t ion  i s  s imply p lugg ing  i n  t h e  l i n e  co rd  of  
t h e  I n t e r c o n n e c t  system t o  an  AC o u t l e t .  The e n t i r e  sys tem 
can t h e n  be ene rg i zed  by pushing t h e  POWER sw i t ch  on t h e  f r o n t  
pane l  of  t h e  I n t e r c o n n e c t  Uni t  housing.  Th is  l i g h t e n e d  push- 
b u t t o n  sw i t ch  w i l l  l i g h t ,  v e r i f y i n g  t h a t  t h e  sys tem i s  e n e r g i z e d  
and ope rab l e .  
I t  shou ld  be no ted  t h a t  t h e  t e l ephone  company s u p p l i e d  connect-  
i n g  arrangement may vary  among t h e  l o c a l  t e l ephone  companies. 
The connec t ing  arrangement w i l l  e n t a i l  f i x e d  charges  which 
have been s p e l l e d  o u t  i n  t h e  l o c a l  t e l ephone  t a r i f f s .  I n  o r d e r  
t o  comply w i t h  t h e  t e l ephone  t a r i f f s  t h e  l o c a l  t e l ephone  company 
should  be informed by t h e  mine t h a t  a  customer f u r n i s h e d  t e l e -  
phone d e v i c e  i s  be ing  i n t e r c o n n e c t e d  w i t h  t h e  p u b l i c  swi tched  
network.  Contac t  shou ld  be made w i t h  t h e  l o c a l  t e l ephone  
company accounts  manager r e s p o n s i b l e  f o r  t e lephone  s e r v i c e  t o  
t h a t  mine. The accounts  manager w i l l  t h e n  i d e n t i f y  t h e  p rope r  
t e c h n i c a l  t e l ephone  company employee who can i d e n t i f y  which 
t e l ephone  company v o i c e  i n t e r c o n n e c t i n g  arrangement i s  s u i t a b l e  
from a  s t a n d a r d  l i s t  a v a i l a b l e  from t h e  t e l ephone  company. A t  
t h a t  t i m e  t h e  t e l ephone  company should  be  i n  a  p o s i t i o n  t o  
supp ly  t h e  fo l l owing  i n fo rma t ion :  
a l e a d  t i m e  r e q u i r e d  f o r  i n s t a l l a t i o n  of  t h e  ar rangement ,  
a one t i m e  i n s t a l l a t i o n  cha rge ,  
a monthly charges  t h e r e a f t e r .  
W e  e x p e c t  t h a t  t h e  above charges  w i l l  f a l l  i n  t h e  range of 
$50-$75 f o r  i n s t a l l a t i o n  and $5-$10 p e r  month. 
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I .  TECHNOLOGY TRANSFER SEMINARS ON MINE COMMUNICATIONS 
A. INTRODUCTION 
During t h e  f i r s t  q u a r t e r  of 1973 ADL worked c l o s e l y  w i th  PMSRC s t a f f ,  
under an extremely compressed t ime schedule ,  on a l l  a s p e c t s  of t h e  
d e t a i l e d  p lanning ,  o r g a n i z a t i o n  and o v e r a l l  coo rd ina t i on  and p r e p a r a t i o n  
of t h e  l e c t u r e s  and in-mine demonstrat ions  f o r  t h e  Bureau's Technology 
T rans f e r  Seminar on Mine Communications given i n  March of  1973 t o  repre -  
s e n t a t i v e s  of t h e  mining i n d u s t r y .  
Our e f f o r t s  c en t e r ed  on t h e  d e t a i l e d  o rgan i za t i on  and p r e p a r a t i o n  of 
each of t h e  f i v e  t e c h n i c a l  seminar  l e c t u r e s  and a s s o c i a t e d  suppor t i ng  
m a t e r i a l ,  and t h e  coo rd ina t i on  of  t a s k s  ass igned  t o  ADL and o t h e r  seminar 
p a r t i c i p a n t s .  Revised and expanded d r a f t s  of t h e  seminar papers  were 
prepared from rough d r a f t  v e r s i o n s  ob t a ined  from PMSRC, C o l l i n s  Radio 
and ADL s t a f f .  Measurements were made t o  g a t h e r  key d a t a  on t h e  opera- 
t i o n  and performance of each of t h e  fo l lowing  systems i n s t a l l e d  i n  t h e  
Bruceton S a f e t y  Research Mine; c a l l  a l e r t  paging,  roof  b o l t  paging,  
s e c t i o n  w i r e l e s s  r a d i o ,  and guided w i r e l e s s  r a d i o  systems.  These d a t a  
were ana lyzed ,  manufac ture r ' s  equipment s p e c i f i c a t i o n s  u t i l i z e d ,  and 
c a l c u l a t i o n s  made t o  p rov ide  performance curves  and d a t a  f o r  each  o f  
t h e  above systems.  
A s u b s t a n t i a l  amount of ar twork was conceived and prepared  f o r  35 m 
s l i d e s ,  system i d e n t i f i c a t i o n  p o s t e r s  i n  t h e  mine, and seminar handouts .  
This  ar twork inc luded  some f o r t y  8-1/2" x 11" l i n e  ske t ches ,  graphs,  
b lock  diagrams, c i r c u i t  diagrams, coverage maps, and o t h e r  l i n e  drawings; 
f i v e  30" x 40" b lock  diagram system i d e n t i f i c a t i o n  p o s t e r s  s u i t a b l e  f o r  
in-mine u se ;  a  20" x 30" d e t a i l  p e r s p e c t i v e  i l l u s t r a t i o n  of a  r ep re sen t -  
a t i v e  c o a l  mine l a y o u t ;  f o r t y  viewgraphs ; and seventy  35 m s l i d e s  of 
t h e  ar twork and word c h a r t s .  
Conferences,  d i s c u s s i o n s  and review s e s s i o n s  were h e l d  w i th  conference 
p a r t i c i p a n t s  t o  h e l p  coo rd ina t e  t h e  v a r i o u s  e f f o r t s ,  o b t a i n  t e c h n i c a l  
in format ion ,  and make f i n a l  p l ans  r ega rd ing  t h e  l e c t u r e  p r e s e n t a t i o n s ,  
a s s o c i a t e d  v i s u a l  a i d s ,  and t h e  c o m u n i c a t i o n  system i n s t a l l a t i o n s  t o  
be demonstrated i n  t h e  Bruceton mine. These meetings inc luded  f i n a l  
systems checkouts  and d r y  run p r e s e n t a t i o n s  and reviews of  t h e  l e c t u r e s  
and mine demons t ra t ions .  This  phase of t h e  seminar e f f o r t  concluded 
w i th  R. Lagace and R. Spencer of ADL p a r t i c i p a t i n g  i n  two days o f  
seminar p r e s e n t a t i o n s  i n  t h e  l e c t u r e  h a l l  and i n  t h e  Bruceton mine. 
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This  p a r t i c i p a t i o n  inc luded  t h e  p r e s e n t a t i o n  of two papers  coauthored 
wi th  H. Parkinson of PMSRC, and e n t i t l e d  "Roving Miner, Paging" and 
"TWO-way Communications w i th  Roving Miners. " 
The second phase of t h i s  seminar e f f o r t  cons i s t ed  p r imar i l y  of  p repar ing  
f i n a l  e d i t e d  v e r s i o n s  of each of  t h e  f i v e  seminar papers ,  and typ ing  
them i n  a  s p e c i a l  d r a f t  format f o r  subsequent p rocess ing  and p u b l i c a t i o n  
a s  an Information Circula* (IC) on Mine Communications by t h e  Bureau's 
pub l i ca t i on  o f f i c e .  The s p e c i a l l y  formatted d r a f t s  of t h e  two papers  
coauthored by ADL s t a f f  have been inc luded  i n  t h e  fol lowing s e c t i o n s  
f o r  convenient r e f e r ence .  
The f i n a l  phase of t h e  ADL seminar e f f o r t  cons i s t ed  i n  provid ing  minor 
a s s i s t a n c e  t o  t h e  Bureau i n  a d d i t i o n a l  p r e s e n t a t i o n s  of  t h i s  seminar t o  
t h e  mining i n d u s t r y .  
* Information C i r c u l a r  No. 8635. 
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B. ROVING MINER, PAGING 
by 
Richard H .  spencer1 and Howard E. Parkinson 
2 
ABSTRACT 
Mine paging te lephones i n c r e a s e  t h e  e f f e c t i v e n e s s  of t h e  mine per-  
sonne l .  The page message reaches  t h e  personne l  w i t h i n  h e a r i n g  d i s t a n c e  
of t h e  phone. Personne l  paging extends t h e  page t o  t h e  i n d i v i d u a l  rov ing  
miner wherever h e  may be .  
One system i n s t a l l e d  a t  t h e  Bureau of Mines Sa fe ty  Research mine 
is  a "d ia l - in t f  system. An in-mine page can o r i g i n a t e  from any mine 
p u b l i c  phone. The system,  e x c l u s i v e  of t h e  B e l l  System equipment, 
i nc ludes  an encoder ,  88-kHz t r a n s m i t t e r ,  p i l o t  w i r e  s i g n a l  coup le r ,  
88-kHz r e p e a t e r ,  a roof  b o l t  s i g n a l  couple r ,  and pocket  r e c e i v e r s .  
There a r e  two con f igu ra t i ons  of t h e  system. One con f igu ra t i on  is  
a whole mine con f igu ra t i on  and t h e  o t h e r  is a working s e c t i o n  con f igu ra t i on .  
There a r e  two forms of t h e  working s e c t i o n  con f igu ra t i on .  One form p u t s  
t h e  s e l e c t i v e  page on to  t h e  mine phone l i n e  and conver t s  t h e  message t o  
88-kHz a t  t h e  s e c t i o n ,  thereby extending t h e  page a r e a  t o  t h e  f a c e .  
The second form is  a c a l l  a l e r t  system. This  system keys a c a l l  
a l e r t  t r a n s m i t t e r  on t h e  s e c t i o n .  The system has  a capac i t y  t o  handle  
24 s e c t i o n s .  It i s  a c o s t - e f f e c t i v e  system wi th  an added f e a t u r e  of provid- 
i n g  an  emergency beacon l o c a t o r  a t  t h e  t ime of a mine emergency. 
' ~ r t h u r  D.  L i t t l e ,  I n c . ,  Cambridge, Mass. 
2 ~ u p e r v i s o r y  E l e c t r i c a l  Research Engineer ,  I n d u s t r i a l  Hazards and 
Communications, P i t t s b u r g h  Mining and Sa fe ty  Research Cente r ,  
Bureau of Mines, U.S. Department of t h e  I n t e r i o r ,  P i t t s b u r g h ,  Pa. 
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INTRODUCTION 
Current  Paging Systems 
Mine te lephones a r e  t h e  backbone of most p r e sen t  mine communications 
systems. There a r e  two main te lephone ins t ruments :  t h e  magneto t e l e -  
phone and t h e  mine pager  te lephone.  A l a r g e  mine may have 40 o r  more 
of t he se  phones. S e l e c t i v e  c a l l i n g  is at tempted on both types of  phones. 
The magneto phone i s  used t o  make a s e l e c t i v e  c a l l  by a coded r i n g  t h a t  
is aud ib l e  near  each phone l o c a t i o n .  The mine pager phone is used t o  make 
a s e l e c t i v e  c a l l  by paging a p a r t i c u l a r  i n d i v i d u a l  by name over  loud- 
speakers  a t  t h e  phone l o c a t i o n s .  The s e l e c t i v e  c a l l  f e a t u r e  of t h e  mine 
pager  phone is  an improvement over  t h a t  of t h e  magneto phone, and a s  a 
r e s u l t  t h e  mine pager  phone has  gained wide acceptance.  These phones can 
be  made pe rmis s ib l e  and because of t h e i r  b a t t e r y  ope ra t i on  a r e  ready f o r  
us ing  dur ing  an  emergency. 
Addi t iona l  Paninn Needs 
The e f f e c t i v e n e s s  of communication wi th  roving miners underground would 
be  s i g n i f i c a n t l y  improved by meeting t h e  fol lowing a d d i t i o n a l  paging needs: 
(1) S e l e c t i v e  page t o  t h e  des i r ed  i n d i v i d u a l  
( 2 )  Extent ion  of paging coverage t o  i n d i v i d u a l s  i n  a l l  working p l aces  
Cur ren t ly ,  t h e r e  is  confusion on t h e  mine phone paging system. Ind iv idua l s  
h e a r  pages t h a t  a r e  no t  meant f o r  them, s i n c e  i t  i s  a p a r t y  l i n e  system. 
Ind iv idua l s  a r e  f r equen t ly  no t  w i t h i n  t h e  a c o u s t i c  range of a page phone 
loudspeaker ,  o r  may b e  i n  an a r e a  of high a c o u s t i c  n o i s e  nea r  machinery. 
Thus, many pages a r e  n o t  hea rd ,  and even i f  a page is  heard ,  i t  i s  £re- 
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quen t ly  ha rd  t o  t e l l  who is  be ing  paged, As a  r e s u l t ,  i t  i s  customary 
f o r  many i n d i v i d u a l s  t o  i gno re  pages un less  a  p a r t i c u l a r  c a l l  i s  expect-  
ed.  This makes i t  d i f f i c u l t  t o  g e t  a  rep1.y t o  an incoming c a l l ,  r e s u l t -  
i n g  i n  people  o f t e n  having t o  be  d i spa tched  i n t o  t h e  mine t o  l o c a t e  
s p e c i f i c  i n d i v i d u a l s .  The r o o t  cause of t h i s  s i t u a t i o n  i s  t h a t  t h e  mine 
pager  phone message goes t o  t h e  pager  phones r a t h e r  than  t o  t h e  s p e c i f i c  
i n d i v i d u a l  be ing  paged. 
PERSONAL PAGING V I A  ROOF BOLTS 
Pe r sona l  paging extends t h e  page message t o  t h e  i n d i v i d u a l  . A 
sma l l  pocket pager  is  c a r r i e d  by t h e  i n d i v i d u a l .  This  pager r ece ives  a  
message only when t h e  p a r t i c u l a r  i n d i v i d u a l  i s  be ing  paged. The s e l e c t i v e  
c a l l  f e a t u r e  of t h e  page removes t h e  confusion t h a t  i s  common i n  t h e  mine 
page te lephone system. Many pe r sona l  paging systems a r e  i n  use i n  a  
v a r i e t y  of communication a p p l i c a t i o n s .  These systems a r e  very e f f e c t i v e  
i n  h o s p i t a l s ,  i n d u s t r i a l  p l a n t s ,  and o t h e r  l a r g e  b u i l d i n g s .  I n  t h e i r  
o r i g i n a l  form they  a r e  no t  s a t i s f a c t o r y  f o r  mine use;  however, r e l a t i v e l y  
s t r a i g h t f o r w a r d  adap t a t i ons  based on ex tens ions  of e x i s t i n g  mine communication 
systems have proved t o  be  f r u i t f u l .  These adap t a t i ons  a r e  based on e x i s t -  
i n g  t r o l l e y  w i r e  and mine te lephone systems,  as  descr ibed  below. 
Demonstration of paging c a p a b i l i t i e s  was made by us ing  c a r r i e r  frequency 
equipment o p e r a t i n g  a t  t h e  88-kHz t r o l l e y  w i r e  phone frequency.  S igna l s  
from t h e  88-kHz t r a n s m i t t e r  were connected t o  t h e  l e ads  of t h e  main power 
system of t h e  mine. The paging func t i on  was i nco rpo ra t ed  by us ing  a  
commercial encoder manufactured by Reach t o  p rov ide  an i n p u t  t o  t h e  88-kHz 
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t r a n s m i t t e r .  This  encoder provided 200 s e l e c t i v e  c a l l  numbers. 
Pocket pagers  were given t o  s e v e r a l  i nd iv idua l s  t o  ca r ry  w i th  them a s  
they were roving underground. It was p o s s i b l e  t o  reach them i n  most 
of t h e  working p l aces .  
There were p l a c e s ,  however, where t he  page s i g n a l  was too weak 
thereby r e q u i r i n g  t h e  a d d i t i o n  of equipment, namely an 88-kHz r e p e a t e r .  
This  r e p e a t e r  i s  fed  by the  88-kHz s i g n a l s  on t h e  power mains, and t h e  
ou tput  of t h e  r e p e a t e r  i s  connected t o  roof b o l t s .  This a d d i t i o n  provided 
page c a p a b i l i t y  up t o  t h e  very f ace  of t h e  working s e c t i o n s .  
The pocket pagers  a r e  s e l e c t i v e  and a r e  operated only when t h e  page 
messages a r e  be ing  t r ansmi t t ed .  The normal t r o l l e y  w i r e  communications 
a r e  n o t  heard by an i n d i v i d u a l  no t  be ing  paged unless  a bu t ton  on t h e  
pager u n i t  i s  depressed.  We have continued t o  ope ra t e  t h e  equipment a t  
88-kHz; however, we recognize t h a t  i t  could be  used a t  some o t h e r  f r e -  
quency t h a t  would prec lude  i n t e r f e r e n c e  wi th  normal 88-kHz t ransmiss ions .  
P r i n c i p l e s  of Operation 
Figure 1 i l l u s t r a t e s  t h e  cu r r en t  flow t h a t  r e s u l t s  when two roof 
b o l t s  a r e  d r iven  by a source  of power. It i s  noted on t h i s  f i g u r e  t h a t  
FIGURE 1. - I l l u s t r a t i o n  of Current  
Flow Produced by Driving Roof B o l t s .  
t h e  c u r r e n t  flow extends f a r  i n t o  t h e  m a t e r i a l  surrounding t h e  roof b o l t s .  
Indeed, a t  very g r e a t  d i s t a n c e s  t h e r e  is  s t i l l  c u r r e n t  flow; t he  problem 
is t h a t  t h e  c u r r e n t s  a r e  q u i t e  sma l l  compared t o  t h e  background no i se  
c u r r e n t s .  One can e a s i l y  s e e  t h a t  i f  a p a i r  of probes i s  a t tached  t o  
t h e  m a t e r i a l  surrounding t h e  roof b o l t s ,  even a t  g r e a t  d i s t a n c e s ,  vo l tages  
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FIGURE 1 ILLUSTRATION OF CURRENT FLOW PRODUCED BY DRIVING ROOF BOLTS 
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produced by t h e  c u r r e n t  flow w i l l  b e  ob ta ined  from t h e s e  probes.  It  i s  
a l s o  ev iden t  t h a t  i f  t h e  c u r r e n t  flow i s  a l t e r n a t i n g ,  t h e r e  w i l l  b e  asso- 
c i a t e d  magnetic f i e l d s  which occur i n  t h e  m a t e r i a l  and i n  t h e  surrounding 
r eg ions .  These f i e l d s  extend i n t o  t h e  open a r e a s  of t h e  mine and hence 
may b e  picked up by loop antennas throughout t h e  mine reg ion .  It  is  i m -  
p o r t a n t  t o  know how f a r  from t h e  roof b o l t s  one may o b t a i n  u sab l e  s i g n a l s  
i n  t h i s  f a sh ion .  
Emec ted  Coverage 
An experiment was conducted i n  t h e  Bruceton Experimental mine a s  
i l l u s t r a t e d  i n  F igure  2 .  An 88-kHz r e p e a t e r  of nominal 20-watt c a p a b i l i t y  
was a t t ached  t o  two roof b o l t s  s epa ra t ed  by a d i s t a n c e  of approximately 
120 f e e t .  The r e p e a t e r  was dr iven  from a sine-wave source ,  and a c a l i b r a t -  
ed loop toge the r  wi th  a c a l i b r a t e d  r e c e i v e r  was used t o  measure t h e  v e r t i -  
c a l  magnetic f i e l d  s t r e n g t h  throughout a l l  reg ions  of t h e  Bruceton mine. 
The manner i n  which roof b o l t  a t tachments  were made is  i l l u s t r a t e d  i n  
F igure  3. A s imple ,  d i r e c t  e l e c t r i c a l  connect ion t o  roof b o l t s  is i l l u s -  
t r a t e d  he re .  The r e p e a t e r  is  shown i n  F igure  4. Figure 5 shows t h e  
coverage t o  b e  expected w i th  a Reach pocket pager r e c e i v e r  using t h e  
roof b o l t  system i n  t h e  Bruceton mine. Three contours  a r e  shown on t h i s  
FIGURE 2. - Block Diagram of Roof Bol t  Experiment. 
FIGURE 3. - Roof Bol t  Attachment. 
FIGURE 4. - 88-kHz Repeater.  
FIGURE 5. - Roof Bol t  Coverage. 
p l o t .  The f i r s t  contour  is  f o r  a rece ived  s igna l - to -noise  r a t i o  of 15 db. 
This  contour  was determined by comparing t h e  measured va lues  of v e r t i c a l  
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FIGURE 3 ROOF BOLT ATTACHMENT 
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FIGURE 4 88 kHz REPEATER 
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magnetic f i e l d  s t r e n g t h  and t h e  measured values of v e r t i c a l  magnetic f i e l d  
no i se  present  during the  experiment. A 2,000 Hz bandwidth was assumed 
f o r  t hese  determinat ions.  It i s  seen t h a t  t h i s  boundary encloses e s s e n t i a l -  
l y  a l l  of t h e  Bruceton mine wi th  t h e  excelption of a region a t  t h e  f a r  
l e f t  extremity.  Using t h e  measured f i e l d  s t r e n g t h  d a t a  and noise  obtained 
by t h e  National  Bureau of Standards (NBS) i n  t h e i r  mine electromagnetic  
no i se  measurement program, two o the r  contlours a r e  over la id  on t h i s  p l o t .  
The f i r s t  one i s  the  expected l i m i t  of coverage were the  no i se  l i k e  t h a t  
i n  t h e  f a c e  a r e a  of a working mine near  a Lee Norse miner. It is  noted 
t h a t  t h i s  coverage is l e s s  than t h a t  f o r  t he  Bruceton noise .  The t h i r d  
contour r ep resen t s  t h e  expected coverage were t h e  no i se  l i k e  t h a t  found 
i n  t h e  same working mine near  a ca r  p u l l  while  t h e  ca r  p u l l  was opera t ing .  
This machine produced t h e  h ighes t  electrolmagnetic no i se  l e v e l s  found by 
NBS i n  t h e i r  mine measurements, and as  such probably represent  an upper 
l i m i t  of expected no i se  i n  mines a t  t h e  frequencies  of i n t e r e s t  f o r  mine 
communications. From these  p l o t s ,  i t  can b e  seen t h a t  coverage of a 
t y p i c a l  working s e c t i o n  can be  expected from roof b o l t  attachments made 
near  t h e  cen te r  of t h a t  s e c t i o n .  
Svstem D e s c r i ~ t i o n  
The o v e r a l l  block diagram of t h e  system a s  i n s t a l l e d  i n  Bruceton i s  
shown i n  Figure 6.  The paging system demonstrated i n  Bruceton can o r i g i n a t e  
FIGURE 6 .  - Whole Mine Paging System. 
pages from any d i a l  phone wi th in  t h e  PBX a t  Bruceton. The c a l l e r  d i a l s  1, 
followed by a th ree -d ig i t  code. This connects h i s  phone through t h e  PBX 
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t o  a Reach encoder which t r a n s l a t e s  h i s  d i a l e d  code t o  t h e  corresponding 
Reach r e c e i v e r ' s  code. The s i g n a l  genera ted  by t h e  encoder is  t r a n s f e r r e d  
through a p r i v a t e  l i n e  t o  a 20 w a t t  88 kHz t r a n s m i t t e r  l oca t ed  i n  t h e  power 
s u b s t a t i o n .  The 88-kHz t r a n s m i t t e r  ou tput  vo l t age  i s  connected between 
t h e  p i l o t  check wi re  and ground of t h e  power cab l e  t h a t  runs down i n t o  t h e  
mine. I n  t h e  mine t h e  88-kHz s i g n a l  is taken from t h e  p i l o t  check wi re  
and fed  through a 20 w a t t  88-kHz r e p e a t e r .  The output  of t h i s  r e p e a t e r  
is  connected t o  a p a i r  of roof b o l t s ,  and t h e  pocket pagers  worn by key 
personnel  i n  t h e  mine respond t o  t h e i r  unique pocket-page code. The per-  
son c a l l i n g  t h e  page has  an oppor tun i ty  f o r  10 seconds of message which 
can be  rece ived  by t h e  person ca r ry ing  the  pocket pager .  I n  gene ra l ,  i t  
is in tended  t h a t  t h e  person be ing  paged go t o  t h e  n e a r e s t  phone i n  t h e  
mine and respond t o  t h e  r eques t  f o r  communication. Figure 6 i l l u s t r a t e s  
two 88-kHz t r a n s m i t t e r s  used t o  cover two working s e c t i o n s .  This  number 
can be expanded t o  cover each of t h e  working s e c t i o n s  i n  a mine. The 
p r i n c i p a l  of ope ra t i on  is  t h e  same. 
F igure  7 i l l u s t r a t e s  t h e  i n s t a l l a t i o n  of t h e  Reach encoder ,  and 
F igure  8 shows t h e  88 kHz t r a n s m i t t e r  i n  t h e  mine o f f i c e .  The p i l o t  
w i r e  te rmina t ion  i s  shown i n  F igure  9,and t h e  underground 88 kHz r e p e a t e r  
a s  shown i n  F igure  4 .  F igure  10 i l 1 u s t r a t . e ~  t h e  way i n  which the  pocket 
pager can b e  worn. 
FIGURE 7. - Reach Encoder I n s t a l l a t i o n .  
FIGURE 8 .  - 88-kHz Transmi t te r  i n  Mine Of f i ce .  
FIGURE 9 .  - P i l o t  Wire Termination, 
FIGURE 10.  - Miner Wearing Pocket Pager .  
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FIGURE 8 88-kHz TRANSMITTER I N  MINE OFFICE 
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FIGURE 9 PILOT WIRE TERMINATION 
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FIGURE 10 MINER WEARING POCKET PAGER 
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There i s  a second means of employing paging a t  c a r r i e r  f requenc ies  
i n s i d e  t he  mine. The paging t r a n s m i t t e r  can be connected t o  t h e  mine 
te lephone w i r e s ,  connect ing t h e  s i g n a l  between both wi res  and ground. 
The phone wi re s  and ground then become t h e  t ransmiss ion  l i n e  f o r  t he  
c a r r i e r  frequency mine paging system. Once aga in ,  r e p e a t e r s  feeding 
roof b o l t s  can b e  added i n  t he  mine working s e c t i o n  a r e a  t o  extend t h e  
1 
coverage away from t h e  t ransmiss ion  l i n e s .  
The 88-kHz system descr ibed  above f o r  whole-mine paging has  many 
s i m i l a r i t i e s  wi th  t h e  t r o l l e y  w i r e  c a r r i e r  communication systems used 
t o  d i spa t ch  dc haulage v e h i c l e s .  A s  such ,  paging s i g n a l s  placed on t h e  
t r o l l e y  w i r e  can a l s o  b e  extended i n t o  t h e  s e c t i o n  v i a  t h e  cab l e s  of dc  
f a c e  machines connected t o  t h e  t r o l l e y  w i r e  power system. Hence, i n  t h e  
v i c i n i t y  of a t r o l l e y  w i r e  o r  t r a i l i n g  cab l e s ,  a miner wi th  a pocket  pager 
w i l l  be  a b l e  t o  p ick  up t h e  page s i g n a l s  v i a  t he  magnetic f i e l d s  i n  t h e  
v i c i n i t y  of t h e s e  cab les .  Such an a p p l i c a t i o n  i s  i l l u s t r a t e d  i n  F igure  11- 
FIGURE 11. - Paging on T r a i l i n g  Cable. 
CALL ALERT PAGING 
A s p e c i a l  form of paging i s  commonly c a l l e d  " c a l l  a l e r t . "  It 
d i f f e r s  from t h e  pocket paging system i n  t h a t  i t  produces a s e l e c t i v e  
c a l l  a l e r t  s i g n a l  t h a t  n o t i f i e s  an i n d i v i d u a l  when t h e  mine paging 
te lephone i s  being used t o  page him. This  system i s  no t  capable  of a s  
wide an a r e a  of coverage a s  t h e  above roof-bol t  paging system: however, 
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i t  is  very e f f e c t i v e  i n  t h e  working s e c t i o n .  Once aga in  a d d i t i o n a l  
equipment was added t o  t h e  e x i s t i n g  mine communications system. This  
t i m e  t h e  equipment was added t o  t h e  mine te lephone l i n e .  A simple 
t r a n s m i t t e r  was added i n  t h e  mine foreman's o f f i c e  and a  r e c e i v e r  and 
c a l l  a l e r t  t r a n s m i t t e r  were added i n  t h e  mine s e c t i o n .  The loop antenna 
of t h e  c a l l  a l e r t  t r a n s m i t t e r  was wrapped around a  p i l l a r .  
I n  o rde r  t o  r ece ive  a  c a l l  a l e r t ,  t h e  i n d i v i d u a l  c a r r i e s  a  pocket 
a l e r t  r e c e i v e r .  The r e c e i v e r  has  a  b l i n k i n g  l i g h t  t o  i n d i c a t e  a  c a l l .  
From t h e  s u r f a c e ,  a  non-audible tone is s e n t  over  t h e  te lephone wires  
and is rece ived  by a  s e l e c t i v e  f i l t e r ,  which i n  t u r n  ene rg i ze s  t h e  
c a l l  a l e r t  t r a n s m i t t e r  on t h e  s e c t i o n  be ing  paged. In s t ead  of paging 
over t h e  mine pager te lephone system, t h e  paging is  persona l ized  t o  
those  s e c t i o n  i n d i v i d u a l s  ca r ry ing  t h e  c a l l  a l e r t  r e c e i v e r s .  When 
t h e  pocket r e c e i v e r  i n d i c a t e s  a  c a l l  a l e r t ,  t h e  i n d i v i d u a l  walks t o  t h e  
mine pager  phone on t h e  s e c t i o n  and r e p l i e s  t o  t h e  page c a l l .  This  
system was developed from work performed i n  t he  Bureau of Mines program 
on e lec t romagnet ic  d e t e c t i o n  of t rapped miners.  
There is  an a d d i t i o n a l  b e n e f i t  t o  t h i s  system. The s i g n a l  be ing  
t r ansmi t t ed  on t h e  s e c t i o n  i s  a low-frequency s i g n a l  t h a t  a l s o  p e n e t r a t e s  
t h e  overburden. I t  has  been p o s s i b l e  t o  r ece ive  such s i g n a l s  on t h e  sur -  
f a c e  some 1000 f e e t  above t h e  mine s e c t i o n .  Miners on t h e  s e c t i o n  can 
use t h i s  t r a n s m i t t e r  f o r  emergency s i g n a l i n g  t o  t h e  su r f ace .  Conversely,  
t h e  miners can a l s o  use t h e  c a l l  a l e r t  r e c e i v e r  t o  r ece ive  s i m i l a r  opera- 
t i o n a l  o r  emergency t ransmiss ions  from a  s u r f a c e  t r a n s m i t t e r .  
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P r i n c i p l e  of Operation 
Figure 1 2  i l l u s t r a t e s  a c a l l  a l e r t  t r ansmi t t e r  antenna and i t s  
FIGURE 12.  - C a l l  A l e r t  Antenna I l l u s t r a t i n g  Magnetic F ie ld .  
assoc ia ted  magnetic f i e l d .  The cu r ren t  flowing i n  the  loop produces a 
magnetic f i e l d  which l i n k s  t h i s  loop wi th  a smal l  p ick  up loop i n  a 
c a l l  a l e r t  r ece ive r  c a r r i e d  by a person. The ope ra t iona l  range of t h i s  
system i s  e s s e n t i a l l y  the  d i s t ance  a t  wh:ich t h e  received s i g n a l s  have 
become smal l  enough f o r  t h e  background no i se  t o  i n t e r f e r e  with t h e i r  
recept ion .  
Once again ,  an experiment was done i n  the  Bruceton Experimental 
mine t o  determine the  e f f i cacy  of t h i s  system i n  providing paging cover- 
age throughout a working s e c t i o n .  A loop antenna was placed around a 
c o a l  p i l l a r  and dr iven  wi th  a t r a n s m i t t e r  opera t ing  a t  a frequency of 
3030 Hz, and a c a l i b r a t e d  r ece ive r  tuned t o  t h i s  frequency was ca r r i ed  
through t h e  mine t o  determine the  s i g n a l  s t r e n g t h  received a t  var ious  
p a r t s  of t h e  mine. The r e s u l t s  of these  measurements a r e  shown i n  Figure 
13  which i l l u s t r a t e s  t h e  e x t e n t  of t h e  c a l l  a l e r t  coverage. These cover- 
FIGURE 13. - C a l l  A le r t  Coverage. 
ages a r e  f o r  a 5-Hz bandwidth r ece ive r .  Three contours a r e  shown. The 
f i r s t  i s  f o r  t h e  background no i se  l e v e l  found a t  t h e  Bruceton mine, 
which we c a l l  low no i se .  It is  seen t h a t  t h e  coverage provided a t  a 
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15-db s igna l - to -noise  r a t i o  extends through most of t h e  mine a r e a ,  exclud- 
i n g  t h e  f a r  extreme l e f t  hand corner .  Measured n o i s e  from ope ra t i ng  mines 
has  been used t o  determine t h e  contours  of coverage t h a t  would r e s u l t  
l e r e  such n o i s e  l e v e l s  p r e sen t  i n  t h e  Bruceton mine. I n  t h e  medium 
n o i s e  case ,  a sma l l  reg ion  of t h e  above coverage is  e l imina t ed ,  wh i l e  
i n  t h e  high-noise  ca se ,  a f u r t h e r  shr inkage  of coverage i s  observed. 
T h e  high-noise ca se  r e p r e s e n t s  n o i s e  l e v e l s  measured by NBS a t  an 
ope ra t i ng  mine nea r  a c a r  p u l l ,  and has  been i d e n t i f i e d  a s  t h e  maximum 
n o i s e  condi t ion .  F igure  14 shows a photograph of t h e  c a l l  a l e r t  t r ans -  
m i t t e r  and F igure  15  shows a photograph of t h e  c a l l  a l e r t  r e c e i v e r .  Much 
1 l i k e  t h e  roof b o l t  system, coverage over  a t y p i c a l  working s e c t i o n  can 
1 be  expected wi th  app rop r i a t e  p o s i t i o n i n g  of t h e  t r a n s m i t t i n g  loop.  
FIGURE 14. - C a l l  A l e r t  T ransmi t t e r .  
FIGURE 15.  - C a l l  A l e r t  Receiver Worn by Miner. 
I Sys t e m  Desc r ip t i on  
The block diagram of F igure  16 i l - l u s t r a t e s  t h e  e n t i r e  system configura-  
t i o n .  A keying t r a n s m i t t e r  i s  loca t ed  i n  t h e  mine o f f i c e .  To i n i t i a t e  a 
1 FIGURE 16.  - C a l l  A l e r t  Paging System. 
page, an i n d i v i d u a l  pushes t h e  "press  t o  page" b u t t o n  on t h i s  t r a n s m i t t e r .  
This  a c t i o n  causes  a 19-kHz c a r r i e r  (o the r  s e l e c t e d  i naud ib l e  tones can 
a l s o  be  used) t o  b e  impressed on t h e  mine phone l i n e .  This  tone  e n t e r s  
t h e  mine on t h e  phone l i n e .  The keying r e c e i v e r ,  a t t ached  t o  t h e  phone 
Arthur D Little, Inc. 
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FIGURE 15 CALL ALERT RECEIVER WORN BY MINER 
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l i n e  l oca t ed  a t  a keypoint  i n  a s e c t i o n ,  responds t o  t h i s  tone.  These 
two u n i t s  a r e  i l l u s t r a t e d  i n  Figure 17. A s  long a s  t he  tone i s  p r e s e n t ,  
FIGURE 17 .  - Keying Transmi t te r  and 
Keying Receiver  (Control  u n i t ) .  
t h e  keying r e c e i v e r  connects opera t ing  power t o  t h e  c a l l  a l e r t  t r a n s m i t t e r  
connected t o  t h e  p i l l a r  mounted loop.  I n  t h e  p re sen t  system t h i s  c a l l  
a l e r t  t r a n s m i t t e r  d r i v e s  a 3030-Hz s i g n a l  cu r r en t  i n t o  t h e  loop antenna 
of t h e  system, thereby producing a 3030-Hz s i g n a l  t h a t  p e n e t r a t e s  t o  a l l  
reg ions  of t h e  s e c t i o n .  A pocket-sized c a l l  a l e r t  r e c e i v e r  i nco rpo ra t i ng  
a smal l  pick-up loop i s  c a r r i e d  by a person roving through the  s e c t i o n .  
This  r e c e i v e r  responds t o  t he  presence of t h e  3030-Hz s i g n a l  by f l a s h i n g  
a l i g h t  on t h e  r e c e i v e r  o r  by genera t ing  an audio a l e r t  s i g n a l .  The 
person paged is  thus n o t i f i e d  t o  c a l l  t he  mine o f f i c e .  
A word of cau t ion :  C a l l  a l e r t  systems use c a r r i e r  s i g n a l s  over  t h e  
te lephone wi re s .  A pre l iminary  examination of s e v e r a l  of t he  mine pager 
te lephones i n d i c a t e s  t h a t  t he se  phones a r e  n o t  f u l l y  compatible wi th  t he  
normal range of te lephone grade c a r r i e r s .  We a r e  now i n v e s t i g a t i n g  t h i s  
problem and a n t i c i p a t e  t h a t  a s imple add-on device (appl ique)  can be  made 
f o r  i n s t a l l a t i o n  on e x i s t i n g  mine pager phones t o  make them compatible 
with c a r r i e r  a p p l i c a t i o n s .  A t  t h i s  t ime, i t  is  poss ib l e  t h a t  some c a r r i e r  
frequency systems w i l l  r e q u i r e  excess ive  amounts of power i f  u t i l i z e d  
on p re sen t  mine te lephone i n s t a l l a t i o n s .  
CONCLUDING REMARKS 
The emphasis of our  paging e f f o r t s  has  been placed on t h e  ex tens ion  
of e x i s t i n g  mine communications t o  improve t h e i r  u t i l i t y  under ope ra t i ona l  
and emergency cond i t i ons ,  Pr imar i ly  w e  have been concerned wi th  extend- 
i ng  t h e  page message from t h e  equipment t h a t  r ece ives  t h e  page t o  t h e  
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person who i s  be ing  paged. Paging can a l s o  be  added t o  w i r e l e s s  r a d i o  
communication systems;  however, t h e r e  a r e  very  few mines c u r r e n t l y  
us ing  w i r e l e s s  r a d i o .  The o b j e c t i v e  i n  paging i s  t o  a l e r t  a person t h a t  
he i s  wanted on t h e  te lephone .  The person r ep ly ing  t o  t h e  page w i l l  
g e n e r a l l y  n o t  r e p l y  over  t h e  same channel  by which he was paged. The 
paging system and t h e  c a l l  a l e r t  system d i s cus sed  he re  meet d i f f e r e n t  
needs.  The gene ra l  f e a t u r e s  of  t he se  two systems a r e  summarized i n  
Table 1. 
TABLE 1. - Roving miner paging 
Roof b o l t  system 
Coverage P a r t  o r  whole mine 
Voice page Yes 
S e l e c t i v i t y  To i n d i v i d u a l  
Emergency use Not p r a c t i c a l  
Equipment a v a i l a b i l i t y  Current  
C a l l  a l e r t  system 
By s e c t i o n  
No 
To s e c t i o n  
Yes 
60 Days 
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C. TWO-WAY COMMUNICATIONS WITH ROVING MINERS 
by 
Robert  L. ~ a ~ a c e l  and Howard E. Parkinson 2 
ABSTRACT 
UHF wireless and guided wireless r a d i o  systems a r e  o p e r a t i o n a l  i n  
t h e  U.S. Bureau of Mines Sa fe ty  Research Mine i n  Bruceton,  Pa.  The 
systems s a t i s f y  t h e  need f o r  i n s t a n t  pe r sona l  two-way c o m u n i c a t i o n s  
between key i n d i v i d u a l s  rov ing  i n  working s e c t i o n s  and hau lage  ways, 
and between t h e s e  i n d i v i d u a l s  and t h e  s u r f a c e .  The i n d i v i d u a l s  a r e  
equipped w i t h  p o r t a b l e  handy t a l k i e  r a d i o s  t h a t  a r e  Bureau-approved f o r  
ope ra t i on  i n  a gassy mine. The Bureau's systems o p e r a t e  a t  420 MHz, a 
frequency a l l o c a t e d  t o  government u s e r s .  Systems belonging t o  i n d u s t r i a l  
u s e r s  such a s  mines can u t i l i z e  t h e  450-470 MHz UHF band a l l o c a t e d  t o  
i n d u s t r i a l  l and  mobile a p p l i c a t i o n s .  Tlhe UHF band i s  more e f f e c t i v e  
than  t h e  VHF band f o r  unaided propaga t ion  i n  t h e  s e c t i o n s  and hau lage  
ways of mines. 
The UHF wireless r a d i o  system does no t  need any s p e c i a l  gu id ing  
c a b l e s ,  and i s  p a r t i c u l a r l y  a t t r a c t i v e  :€or mine s e c t i o n  a p p l i c a t i o n s ,  
a s  w e l l  a s  haulage ways. The UHF guided wireless r a d i o  system i s  based on 
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Superv isory  E l e c t r i c a l  Research Engineer ,  I n d u s t r i a l  Hazards and 
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t h e  use  of a s p e c i a l  r a d i a t i n g  coax ia l  c ab l e  i n s t a l l e d  along main 
e n t r i e s ,  and is  s u i t a b l e  f o r  haulage way a p p l i c a t i o n s .  This  paper 
t r e a t s  t h e  p r i n c i p l e s  of ope ra t i on ,  expected communication ranges ,  and 
t h e  key f e a t u r e s  and l i m i t a t i o n s  of both systems. 
INTRODUCTION 
Need f o r  Two-Way Communications w i th  Roving Miners 
H i s t o r i c a l l y ,  communication equipment f o r  underground mine use  has  
been based on "wired" systems, namely, t h e  loudspeaking mine te lephone 
system and t h e  t r o l l e y  w i r e  c a r r i e r  phone system. The mine te lephone 
system inc ludes  bo th  magneto phones and loudspeaking te lephones ,  whi le  
t h e  t r o l l e y  w i r e  c a r r i e r  phone system u t i l i z e s  c a r r i e r  c u r r e n t  t r ans -  
m i t t e r s  and r e c e i v e r s .  I n  bo th  cases  a l l  t h e  t r a n s m i t t i n g  and r ece iv ing  
equipment i s  "hard wired" t o  t h e  te lephone l i n e  o r  t o  t h e  t r o l l e y  w i r e ,  
r e s p e c t i v e l y .  A s  such,  t h i s  equipment i s  not  po r t ab l e .  Therefore ,  i t  
i s  inadequate  f o r  paging o r  communicating wi th  key i n d i v i d u a l s ,  such a s  
foremen and maintenance men, when they a r e  no t  i n  t h e  immediate v i n c i n i t y  
of t h e  communication equipment. 
The roving miner paging systems r e c e n t l y  developed by t h e  Bureau of 
Mines and d iscussed  i n  a companion seminar paper ,  m e e t  t h e  need t o  
d e l i v e r  one-way paging messages and c a l l  a l e r t s  t o  key i n d i v i d u a l s  on- 
the-move i n  t h e  mine. These a r e  messages o r  a l e r t s  t h a t  t h e  paged 
i n d i v i d u a l  must e i t h e r  a c t  upon, o r  acknowledge v i a  another  communications 
channel i n  t h e  mine. However, s i t u a t i o n s  a l s o  a r i s e  i n  which an 
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ins tan taneous  and continuing response from key roving miners i s  e i t h e r  
e s s e n t i a l  o r  extremely d e s i r a b l e  from an ope ra t iona l  o r  s a f e t y  poin t  of 
view. The a b i l i t y  t o  reach and t a l k  wi th  an ind iv idua l  where he happens 
t o  be ,  and not  only a t  a  l imi t ed  number of f ixed  s t a t i o n s ,  i s  p a r t i c u l a r l y  
b e n e f i c i a l  when: 
downtime can be reduced by permi t t ing  ind iv idua l s  working on 
machinery t o  communicate wi th  su r face  supervisors  without  
leaving  t h e  machinery; o r  
t h e  message i s  urgent and t h e  ind iv idua l  is  on-the-move 
underground. 
Two-way w i r e l e s s  and guided w i r e l e s s  r ad io  systems r ecen t ly  inves t iga t ed  
by t h e  Bureau can provide t h i s  personal ized instantaneous communication 
t o  ind iv idua l s  over  important p a r t s  of t h e  mine. 
Two-Wav Wireless  Radio i n  Mines 
The t h r u s t  of our two-way wi re l e s s  r ad io  communication work has 
been t o  extend two-way communications t o  key miners roving wi th in  
t h e  s e c t i o n  and i n  t h e  haulage way. The p r i n c i p a l  o b j e c t i v e  has been 
t o  f i n d  ways i n  which commercially a v a i l a b l e ,  po r t ab le  r ad io  equipment 
can be adapted f o r  p r a c t i c a l  use i n  cpe ra t iona l  coa l  mines. 
Electromagnetic waves a t  r ad io  frequencies  a r e  not  capable of 
pene t r a t ing  t h e  overburdens of t y p i c a l  mines because of t h e  severe  
a t t e n u a t i o n  su f fe red  i n  t h e  overburden by the  waves a t  t hese  f requencies .  
To u t i l i z e  r ad io  waves i n  mine e n t r i e s  and cross-cuts ,  t he  r ad io  
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s i g n a l  sources  must be brought i n t o  t h e  mines and t o  t h e  a r e a s  of 
i n t e r e s t ,  e i t h e r  d i r e c t l y  o r  v i a  guiding cab l e s  o r  w i r e s .  
The ope ra t i ng  frequency is a key f a c t o r  t h a t  s i g n i f i c a n t l y  i n f luences  
t h e  communication range of any w i r e l e s s  r ad io  system i n  mines. American 
c o a l  mining methods r e q u i r e  a r e a  coverage, a s  opposed t o  t h e  l i n e a r  
haulage way coverage t h a t  is  t y p i c a l l y  needed f o r  European longwall  
mining. By a r e a  coverage we mean communications throughout a working 
s e c t i o n  t h a t  may t y p i c a l l y  encompass an a r e a  600 f e e t  x 600 f e e t ,  
and communications down cross -cu ts  t o  s e v e r a l  hundred f e e t  away from t h e  
main haulage ways. 
W e  have found t h a t  f requenc ies  i n  t h e  UHF band o f f e r  t h e  b e s t  a r e a  
coverage f o r  completely w i r e l e s s  two-way vo ice  communications between 
p o r t a b l e  handy t a l k i e  r a d i o s .  This  we have determined from t h e o r e t i c a l  
cons ide ra t i ons  backed up by in-mine experiments .  Two-way w i r e l e s s  
communication ranges between hand-held u n i t s  i n  mine e n t r i e s  a r e  l i m i t e d  
t o  approximately t e n s  of f e e t  a t  c i t i z e n s '  band f requenc ies  nea r  30 MHz; 
a r e  extended t o  s e v e r a l  hundreds of f e e t  a t  VHF band f requenc ies  around 
150 MHz; and are f u r t h e r  extended t o  over  1500 f e e t  f o r  UHF band 
f requenc ies  around 450 MHz. These ranges apply t o  s t r a i g h t  l i n e  
c o m u n i c a t i o n s  along an e n t r y ,  and a r e  reduced i f  c o m e r s  a r e  p r e s e n t  
i n  t h e  t ransmiss ion  pa th .  I n  a d d i t i o n  t o  o f f e r i n g  t h e  g r e a t e s t  promise 
f o r  ex tending  two-way communications t o  roving i n d i v i d u a l s ,  t h e  450 MHz 
UHF frequency band is  p r e s e n t l y  t h e  upper l i m i t  f o r  commercially a v a i l a b l e  
p o r t a b l e  r a d i o  t r a n s c e i v e r s .  This  frequency band has  a l s o  been r ece iv ing  
much p u b l i c i t y  and i n t e r e s t  i n  t h e  underground mining i n d u s t r y .  
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Two s p e c i f i c  UHF radio  communication systems a r e  t r e a t e d  i n  t h i s  
paper. The f i r s t  i s  t r u l y  wi re l e s s  and p a r t i c u l a r l y  a t t r a c t i v e  f o r  
sec t ion  app l i ca t ions ,  so  i t  has been named - UHF wi re le s s  s e c t i o n  radio .  
The second makes use of a  s p e c i a l  coaxia l  cable f o r  guiding and 
r a d i a t i n g  UHF rad io  waves along mine e n t r i e s ,  so  i t  has been named 
UHF guided wi re l e s s  radio .  - 
UHF WIRELESS SECTION RADIO SYSTEM 
Two-way wi re l e s s  sec t ion  r ad io  sysltems can provide communications 
between key ind iv idua l s  who may be work.ing a t  d i f f e r e n t  loca t ions  
wi th in  a  sec t ion ,  and between these  indiv iduals  and the  su r face .  
These systems can a l s o  be applied t o  ha.ulage way cormnunications. 
Figure 1 gives an o v e r a l l  view of such a  system f o r  a  s e c t i o n  applica-  
t i o n .  It i s  described i n  d e t a i l  under System Descript ion,  a f t e r  
discussion of t h e  system's p r i n c i p l e s  of operat ion and expected 
communications coverage. 
Figure 1. - Two Way Wireless Sect ion Radio System 
Pr inc ip le s  of Operation 
Figure 2 dep ic t s  i n  schematic form a  UHF rad io  wave propagating 
down a  coal  mine e n t r y  ( tunne l ) ,  without t h e  a s s i s t ance  of any m e t a l l i c  - 
guiding wires  o r  cables .  A t  VHF/UHF f requencies ,  t h e  e n t r i e s  themselves 
behave l i k e  "leakyt' waveguides, guiding t h e  s i g n a l  energy along t h e  
length  of t h e  e n t r y ,  while  a l s o  los ing  p a r t  of t h e  energy t o  the  
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surrounding medium. By analogy, t h e  roof ,  f l o o r ,  and wa l l s  of a  mine 
en t ry  can be considered a s  imperfect mir rors  and t h e  r ad io  waves a s  l i g h t  
beams. A s  t h e  l i g h t  beam, o r  radio  wave, t r a v e l s  down t h e  mine en t ry ,  
bouncing o f f  t h e  wa l l s ,  roof and f l o o r ,  p a r t  of i t s  energy i s  r e f l e c t e d  
a t  each bounce and the re fo re  r e t a ined  i n  the  e n t r y ,  while  p a r t  of i t s  
energy i s  t ransmi t ted  i n t o  t h e  coal  o r  rock by r e f r a c t i o n  and the re fo re  
l o s t .  
Figure 2. - UHF Wireless Risdio i n  Coal Mines. 
P r inc ip le  of Operation. 
Figure 3 i l l u s t r a t e s  how t h e  s i g n a l  a t t enua t ion  l o s s  f o r  mine e n t r i e s  
v a r i e s  with opera t ing  frequency f o r  t h e  dominant propagating mode. This 
l o s s  represents  the  f r a c t i o n a l  decrease i n  s t r eng th ,  expressed i n  dec ibe ls  
(dB), su f fe red  by t h e  s i g n a l  f o r  each 100 f e e t  i t  propagates down the  
en t ry .  The curves i n  Figure 3 a r e  based on da ta  from propagation experi-  
ments performed i n  an opera t ing  high-coal mine, and on values ca lcu la t ed  
from t h e o r e t i c a l  equat ions.  A s  shown, lboth theory and experiment i n d i c a t e  
t h a t :  i n  high-coal e n t r i e s ,  w i re l e s s  rtadio s i g n a l s  a r e  a t tenuated  severe ly  
below the  UHF frequency range, experience a broad favorable minimum i n  
a t t enua t ion  between 500 MHz and 2,500 MHz i n  t h e  UHF band, and f i n a l l y  
s u f f e r  a  gradual increase  i n  a t t enua t ion  a s  t h e  frequency is  increased 
beyond t h e  UHF frequency band. I n  low-coal the  a t t enua t ion  l o s s  i s  
shown t o  be more severe ,  p a r t i c u l a r l y  below 1,000 MHz. This low-coal 
behavior has only been p a r t i a l l y  confinned by the  rou t ine  use of 420 MHz 
handy t a l k i e s  during f i e l d  t r i p s  t o  mines. 
Figure 3 .  - UHF Wireless Radio Signal  Attenuation Loss 
i n  Coal ]Mine En t r i e s  
Arthur D Little, Inc. 















































































































































































































































The o t h e r  major frequency dependent l o s s e s  a r e  antenna coupl ing 
l o s s  and corner  l o s s .  When they a r e  added t o  t h e  a t t e n u a t i o n  l o s s ,  t h e  
appearance of  an optimum ope ra t i ng  frequency band becomes more pronounced. 
I n  high-coal ,  t h e  optimum band i s  400-to-1000 MHz. Within t h i s  band, t h e  
b e s t  frequency f o r  a p a r t i c u l a r  a p p l i c a t i o n  w i l l  depend on t h e  d e s i r e d  
communication d i s t a n c e  and whether t h e  s i g n a l  must t r a v e l  around a corner  
t o  reach t h e  r e c e i v e r .  For example, opera t ing  f requenc ies  n e a r  400 MHz a r e  
favored f o r  t ransmiss ion  pa ths  about 500 f e e t  long t h a t  i nc lude  one corner .  
Such pa ths  a r e  t y p i c a l  f o r  s e c t i o n  a p p l i c a t i o n s .  Frequencies n e a r  1000 MHz 
a r e  favored f o r  long s t r a i g h t  l i n e  t ransmiss ion  pa ths  a long haulage ways. 
The Bureau has  t e s t e d  po r t ab l e  mobile r a d i o  equipment up t o  t h e  
p re sen t  frequency l i m i t  of equipment a v a i l a b i l i t y ,  t h e  450-MHz band, t h e  
Sand which a l s o  o f f e r s  t h e  most favorab le  performance f o r  s e c t i o n  appl ica-  
t i o n s  i n  high-coal ,  A l loca t ion  of a new band of f requenc ies  around 960 MHz 
f o r  land  mobile i n d u s t r i a l  a p p l i c a t i o n s  is  p r e s e n t l y  under cons ide ra t i on  
by t h e  FCC. However, p o r t a b l e  and f i x e d  s t a t i o n  960 MHz equipment f o r  
haulage way a p p l i c a t i o n s  w i l l  s t i l l  no t  be commercially a v a i l a b l e  f o r  
s e v e r a l  yea r s .  Therefore  our  p re sen t  i n v e s t i g a t i o n s  and range p r e d i c t i o n s  
were concent ra ted  on t h e  450 MHz band. 
E x ~ e c t e d  Coverage 
Communication can be maintained between two separa ted  i nd iv idua l s  
o r  s t a t i o n s  u n t i l  t h e  s e p a r a t i o n  d i s t a n c e  i nc reases  t o  a po in t  where t h e  
s i g n a l  s t r e n g t h  i s  no t  s u f f i c i e n t  t o  overcome t h e  background e l e c t r i c a l  
n o i s e .  A t  UHF f r equenc i e s ,  measurements have shown t h a t  t h e  l e v e l s  of 
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t h i s  background no i se  w i l l  be governed by t h e  i n t r i n s i c  e l e c t r i c a l  noise  of 
the  UHF rece ive r s  r a t h e r  than by externally generated e l e c t r i c a l  noise  i n  
the  mine. The wi re l e s s  r ad io  coverage of a  t y p i c a l  sec t ion  i n  high-coal 
has been est imated f o r  Motorola HT220 k'M handy t a l k i e  u n i t s  opera t ing  a t  a  
frequency of 420 MHz. These por t ab le  u n i t s  have a  t r a n s m i t t e r  power of two 
wa t t s  and rece ive r  s e n s i t i v i t y  of 0.5 microvolt f o r  20 dB of quie t ing .  
Since communication on a  working s e c t i o n  r equ i re s  coverage down 
cross-cuts ,  one must add t o  the  s t r a i g h t  l i n e  a t t enua t ion  the  l o s s  incurred  
by t h e  s i g n a l  i n  going around a t  l e a s t  one 90° c o m e r .  A t  420 MHz, theory 
and experiment support t h e  use of a  corner l o s s  of about 58 dB f o r  t h e  
dominant propagating mode. To these  l o s s e s  must be added a  t o t a l  antenna 
coupling l o s s  of about 46 dB t o  account: f o r  t h e  i n s e r t i o n ,  p o l a r i z a t i o n ,  
and e f f i c i e n c y  l o s s e s  expected f o r  two por table  handy t a l k i e s .  A nominal 
s i g n a l  fade margin of 12 dB should a l s o  be included. The above va lues  
l ead  t o  t h e  conservat ive s e c t i o n  coverage p red ic t ion  shown i n  Figure 4. 
Figure 4. - Predic ted  UHF Wireless Radio Coverage 
Figure 4  i l l u s t r a t e s  the  coverage expected i n  a  high-coal mine 
between a  c e n t r a l l y  loca ted  miner with a  handy t a l k i e  u n i t  and a  second 
miner roving throughout t h e  s e c t i o n  wit:h another  u n i t .  Miner-to-miner 
sepa ra t ion  of more than ha l f  a  s e c t i o n  i s  poss ib le ,  unaided by any t rans-  
mission l i n e s  o r  o t h e r  guiding cables .  This sepa ra t ion  can be doubled 
t o  cover t h e  whole s e c t i o n  by p lac ing  a r epea te r  u n i t  a t  t h e  c e n t r a l  
l oca t ion  i n  t h e  sec t ion .  
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Note t h a t  when t h e  s i g n a l  must go around on ly  one c o m e r ,  s a t i s f a c t o r y  
communication can be expected over  a  l i n e a r  d i s t a n c e  of approximately 
500 f e e t  down an e n t r y  and c ross -cu t .  'When no c o m e r s  a r e  encountered,  
a s  i n  a  haulage way t r ansmis s ion  p a t h ,  s a t i s f a c t o r y  s t r a i g h t  l i n e  commun- 
i c a t i o n  can be expected over  d i s t a n c e s  i n  excess  of 1500 f e e t .  These 
range l i m i t s  can u s u a l l y  be somewhat extended i f  t h e  handy t a l k i e s  a r e  
r o t a t e d  i n t o  t h e  h o r i z o n t a l  p lane  and po in ted  ac ros s  t h e  e n t r y ,  thereby  
t a k i n g  f u l l  advantage of  t h e  dominant h o r i z o n t a l  f i e l d  component. 
P r a c t i c a l  ways t o  f u r t h e r  extend s e c t i o n  coverage,  by reducing t h e  
r e l a t i v e l y  h igh  c o m e r  l o s s ,  a r e  p r e s e n t l y  under i n v e s t i g a t i o n .  
F igure  5  r e p r e s e n t s  a  coverage diagram obta ined  f o r  a  p o r t i o n  o f  t h e  
Bureau's Sa fe ty  Research mine a t  Bruceton. The coverage exper ienced  i n  
t h e  S a f e t y  Research mine suppor t s  t h e  coverage p r e d i c t i o n s  of F igure  4 .  
In Figure  5  t h e  t r a n s m i t t e r  i s  l o c a t e d  i n  t h e  upper right-hand c o m e r ,  
and t h e  coverage r e p r e s e n t s  roughly one quadrant  of a  working s e c t i o n  a s  
i n d i c a t e d  by t h e  dimensions.  The o t h e r  t h r e e  quadran ts  w i l l  exper ience  
t h e  same coverage. Note t h a t  when t h e  s i g n a l  has  t o  go around one c o m e r ,  
t h e  coverage i s  a s  p r e d i c t e d ,  b u t  t h a t  two c o m e r s  produce a  quick t r a n s -  
i t i o n  t o  u n s a t i s f a c t o r y  performance. The coverage t o  t h e  l e f t  of F igure  5  
does n o t  extend beyond 200 f e e t  because of  t h e  absence of  a  connec t ing  
c ross -cu t .  Also dep i c t ed  i n  F igure  5  a r e  t h e  main e lements  o f  t h e  wi re -  
l e s s  s e c t i o n  r a d i o  system i n s t a l l e d  i n  t h e  Sa fe ty  Research mine. This  
system w i l l  be  de sc r ibed  i n  t h e  n e x t  p a r t  of t h i s  paper .  
F igure  5 .  - UHF Two-Way Wire less  Sec t i on  Radio Coverage 
I n  t h e  Safet:y Research Mine 
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Sys tern Descript ion 
An o v e r a l l  block diagram of a wi re l e s s  sec t ion  radio  system i s  
shown i n  Figure 6 .  Roving miner-to-miner d i r e c t  w i re l e s s  communication 
wi th in  t h e  sec t ion  i s  obtained by using channel two on t h e  por t ab le  
handy t a l k i e  u n i t s .  In t h i s  d i r e c t  mode of opera t ion ,  t h e  por table  
u n i t s  t ransmi t  and rece ive  on channel two. The system a l s o  provides 
roving miner communication wi th  t h e  su r face  on t h i s  same channel. This 
i s  accomplished by the  use of a s p e c i a l  in terconnect  u n i t  which i s  roof- 
mounted with another  handy t a l k i e  i n  an i n t e r s e c t i o n  a t  a c e n t r a l l y  
loca ted  pos i t ion  i n  t h e  sec t ion .  This radio-to-carr ier  system i n t e r -  
connect u n i t  couples the  audio frequency por t ion  of t h e  roof-mounted 
UHF handy t a l k i e  t o  t h e  audio frequency por t ion  of a 61 kHz s tandard 
miner c a r r i e r  phone t h a t  i s  at tached t o  t h e  mine telephone l i n e .  I n  
the  mine o f f i c e  a t  t h e  o the r  end of t h e  mine telephone l i n e  i s  a 
corresponding c a r r i e r  phone u n i t  which completes the  mine-to-surface 
communication l i n k .  A conversation carr be i n i t i a t e d  from e i t h e r  t h e  
mine o f f i c e  o r  t h e  roving miner on t h e  sec t ion  by simply using the  
mine o f f i c e  c a r r i e r  phone o r  t h e  por t ab le  handy t a l k i e s  i n  t h e i r  
s tandard modes of opera t ion .  The system described provides an ins t an t -  
aneous d i r e c t  p r i v a t e  l i n e  t o  key roving miners on a s e c t i o n ,  even when 
t h e  mine telephone l i n e  is  busy with normal audio frequency communication 
t r a f f i c .  
Figure 6. - Two-Way Wireless Sect ion Radio System Block Diagram 


















































































































































































































































































































































































































































































A s  s t a t e d  i n  t h e  coverage d iscuss ion ,  t h e  roving miner-to-miner 
communication range can be doubled, thereby extending roving miner 
coverage t o  t h e  whole s e c t i o n  by using a roof-mounted r e p e a t e r  a t  t h e  
c e n t r a l  l o c a t i o n .  To opera te  i n  t h e  r epea te r  mode, miners would switch 
t o  channel one. I n  t h i s  r epea te r  mode of opera t ion ,  t he  po r t ab le  u n i t s  
t ransmi t  on channel one but  s t i l l  rece ive  on channel two. This allows a 
c e n t r a l l y  loca ted  r epea te r  s t a t i o n  t o  pick up t h e  channel one t ransmissions 
of t h e  miners and rebroadcast  them on channel two f o r  subsequent recept ion  
by t h e  o t h e r  handy t a l k i e s ,  thereby doubling t h e  miner-to-miner range of 
t h e  system. 
Another b e n e f i t  i s  obtained when i n  the  r epea te r  mode. Namely, roving 
miner-to-miner communications t r a f f i c  w i l l  no t  c l u t t e r  t h e  sect ion-to-  
sur face  in terconnect  channel,  but  messages from t h e  su r face  w i l l  s t i l l  be 
rece ivable  by t h e  roving miners. 
Figure 7 shows a Motorola HT220 i r z t r i n s i c a l l y  s a f e  handy t a l k i e  u n i t  
a t t ached  t o  a miner 's b e l t .  Operation can be v i a  a push-to-talk switch 
and speaker-microphone t h a t  i s  an i n t e g r a l  p a r t  of t h e  handy t a l k i e  u n i t .  
A l t e rna t ive ly ,  t he  switch and speaker-microphone can be i n  t h e  form of a 
hand-held accessory a s  shown i n  Figure 7. This accessory can be conven- 
i e n t l y  c l ipped  t o  a pocket o r  l a p e l .  Operation i s  a l s o  poss ib l e  by means 
of a bone conductance microphone and e a r  speakers a t tached  t o  t h e  miner 's  
hardhat  a s  shown i n  Figure 8. The bone conductance microphone i s  
s i t u a t e d  i n  t h e  middle of t h e  hardhat  webbing s o  t h a t  i t  can p ick  up t h e  
s k u l l  v i b r a t i o n s  c rea ted  when a person speaks. The e a r  speakers  a r e  put  
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c l o s e  enough t o  t h e  e a r s  t o  h e a r  t h e  rece ived  audio whi le  s t i l l  l eav ing  
t h e  e a r s  open t o  t h e  normal sounds i n  t h e  mine. This  hardha t  u n i t  can 
be  opera ted  by a belt-mounted push bu t ton  a s  shown i n  Figure 8 ,  o r  by 
means of a voice-operated swi tch  which keys t h e  t r a n s m i t t e r  on whenever 
t h e  person speaks.  This  a l lows completely hands-free ope ra t i on .  
Figure 9 d e p i c t s  a handy t a l k i e  u n i t  i n s t a l l e d  i n  a roof-mounted rad io-  
t o - c a r r i e r  s u r f a c e  i n t e r connec t  u n i t  f a b r i c a t e d  by C o l l i n s  Radio Co. 
This  s t a t i o n  is  t y p i c a l l y  mounted h o r i z o n t a l l y  a t  a 45-degree angle  i n  
an i n t e r s e c t i o n  c e n t r a l l y  l oca t ed  i n  t h e  s e c t i o n .  The cab l ing  on t h e  
l e f t  goes t o  a s t anda rd  mine c a r r i e r  phone a t t ached  t o  t h e  mine te lephone 
l i n e .  
F igure  7 .  - Miner Using I n t r i n s i c a l l y  Safe  Handy T a l k i e  Unit  
F igure  8. - Handy Ta lk i e  Operation Using Hardhat w i th  Ear 
Speakers and Bond Conductance Microphone 
F igure  9.  - Roof-Mounted Radio-to-Carrier Sur face  In te rconnec t  
Unit  and Handy Ta lk i e  Unit  
The b a s i c  system depic ted  i n  F igure  6 can be  used i n  a v a r i e t y  of 
ways and circumstances.  It can be  used t o  extend two-way communications 
between key roving miners w i t h i n  a s e c t i o n ,  and between t h e s e  miners and 
t h e  su r f ace .  The system can be used t o  communicate wi th  roving miners 
a long any haulage way having a mine te lephone l i n e  by p l ac ing  in t e r connec t  
and r e p e a t e r  s t a t i o n s  s i m i l a r  t o  those  f o r  s e c t i o n s  a t  approximately 0.6 
mile i n t e r v a l s  a long t h e  haulage way. The system wi th  t h e  s u r f a c e  i n t e r -  
connect a l s o  lends  i t s e l f  t o  i n s t a l l a t i o n  and use  a s  a temporary sur face-  
to-roving miner communication l i n k  dur ing  maintenance o r  rescue  ope ra t i ons .  
F i n a l l y ,  t h i s  p a r t i c u l a r  system can be modified f o r  u se  w i th  less expensive 
pocket pagers ,  i n s t e a d  of  handy t a l k i e s  t o  provide a more l i m i t e d  c a l l  
a l e r t  o r  paging mode of  ope ra t i on .  
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FIGURE 7 MINER USING INTRINSICALLY SAFE HANDY TALKIE UNIT 
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FIGURE 8 HANDY TALKIE OPERATION USING HARDHAT WITH 
EAR SPEAKERS AND BONE CONDUCTANCE MICROPHONE 
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FIGURE 9 ROOF-MOUNTED RADIO-TO-CARRIER SURFACE 
INTERCONNECT UNIT AND HANDY TALKIE UPlT  
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UHF GUIDED WIRELESS RADIO SYSTEM 
The second UHF r a d i o  system t r e a t e d  i n  t h i s  paper i s  t h e  guided 
wireless r a d i o  system. This  system can provide communications between 
key i n d i v i d u a l s  who may b e  roving a t  d i f f e r e n t  l o c a t i o n s  a long  o r  n e a r  
haulage ways, and between t h e s e  same i n d i v i d u a l s  and t h e  s u r f a c e .  A s  
i n  t h e  wireless s e c t i o n  r a d i o  a p p l i c a t i o n ,  t h e  key rov ing  i n d i v i d u a l s  
c a r r y  p o r t a b l e  handy t a l k i e  r a d i o  t r a n s c e i v e r s .  However, u n l i k e  w i r e l e s s  
s e c t i o n  r a d i o ,  guided wireless r a d i o  uses  a  s p e c i a l  c ab l e  t o  p i ck  up, 
t r a n s p o r t  ( gu ide ) ,  and r a d i a t e  t h e  r a d i o  frequency energy a long  haulage 
ways and main e n t r i e s  t o  communicate w i th  t h e  p o r t a b l e  handy t a l k i e s .  
F igu re  10 g ives  an  o v e r a l l  conceptua l  view of a  rov ing  miner two-way 
hau lage  way communication system based on t h e  guided wireless r a d i o  
concept a t  UHF f r equenc i e s .  A s  i l l u s t r a t e d ,  such a system o p e r a t i n g  
a t  UHF r e q u i r e s  t h a t  a  s p e c i a l  c ab l e  (Radiax T * M *  i n  t h i s  case)  and 
a u x i l i a r y  l i n e s  b e  hung a long  t h e  w a l l s  of  t h e  haulage ways and s e l e c t e d  
s e c t i o n  e n t r i e s , t o g e t h e r  w i t h  p e r i o d i c a l l y  spaced r e p e a t e r  o r  ba se  
s t a t i o n s .  The system w i l l  be de sc r ibed  i n  d e t a i l  under System Desc r ip t i on*  
F igure  10 .  - Guided Wireless Radio System 
The UHF Radiax c a b l e  system w a s  i n v e s t i g a t e d  because i t  has  been 
r e c e i v i n g  i nc r ea sed  p u b l i c i t y  and a t t e n t i o n  by t h e  equipment s u p p l i e r s  
and mine o p e r a t o r s ,  and because of t h e  f avo rab l e  p ropaga t ion  cha rac t e r -  
i s t i c s  a t  UHF f o r  t h e  a r e a  coverage d e s i r e d  i n  American c o a l  mines. 
However, ou r  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h e  d e s i r e d  a r e a  coverage is  n o t  
a ch i evab l e  i n  an economical manner w i t h  Radiax cab le .  Furthermore,  
Arthur D Little, Inc. 
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much lower f requenc ies  can be e f f e c t i v e l y  used wi th  more economical 
gu id ing  cab l e s  i f  t h e  d e s i r e d  communications can be r e s t r i c t e d  p r imar i l y  
t o  t h e  haulage ways a s  i n  Europe. 
P r i n c i p l e s  of Operation 
F igure  11 d e p i c t s  i n  schematic  form a c ross -sec t ion  view of a 
c o a x i a l  c ab l e  and t h e  l a t e r a l  v a r i a t i o n  of i t s  a s s o c i a t e d  f i e l d s .  I n  
such cab l e s  t h e  bulk of t h e  r a d i o  frequency e lec t romagnet ic  energy i s  
t r anspo r t ed  down t h e  cab l e  between t h e  c e n t e r  conductor and t h e  s h i e l d .  
However, t h e  s h i e l d s  of most p r a c t i c a l  cab l e s  do n o t  provide p e r f e c t  
containment of t h e  i n t e r n a l  e lec t romagnet ic  f i e l d s  nor  i s o l a t i o n  from 
e x t e r n a l  f i e l d s .  A s  shown, a smal l  f r a c t i o n  of t h e  c a b l e ' s  i n t e r n a l  
f i e l d  i s  u s u a l l y  coupled t o  t h e  e x t e r n a l  space.  Ex te rna l  f i e l d s  a r e  
coupled i n t o  t h e  cab l e  i n  a s i m i l a r  manner. The ex i s t ence  of  t h i s  weak 
coupl ing between i n t e r n a l  and e x t e r n a l  f i e l d s  forms t h e  b a s i s  f o r  
s e v e r a l  guided wireless systems f o r  communicating wi th  roving miners.  
Cables which t r a n s p o r t  most of  t h e  s i g n a l  energy i n s i d e  t h e  cab le  have 
an added advantage; namely, performance i s  e s s e n t i a l l y  no t  a f f e c t e d  by 
normal accumulations of d i r t  and mois ture ,  no r  by i n s t a l l i n g  t h e  cab l e  
d i r e c t l y  a g a i n s t  t h e  r i b  of a haulage way. 
F igure  11. - Guided Wire less  Radio w i th  Coaxial Cable,  
P r i n c i p l e  of Operat i on  
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A s  shown i n  Figure 11, t h e  f i e l d s  coupled t o  t h e  e x t e r n a l  space w i l l  
cont inue t o  decrease  i n  s t r e n g t h  wi th  i n c r e a s i n g  d i s t a n c e  from t h e  cab l e .  
I n  a d d i t i o n ,  t h e  i n t e r n a l  and e x t e r n a l  f i e l d s  w i l l  be  a t t e n u a t e d ,  p r imar i l y  
because of t h e  c a b l e ' s  r e s i s t a n c e ,  as they  t r a v e l  a long t h e  cab l e  t o  and from 
t h e  f i x e d  and p o r t a b l e  communication s t a t i o n s .  The amount of  coupl ing l o s s  
and l o n g i t u d i n a l  a t t e n u a t i o n  l o s s  experienced depends on t h e  m a t e r i a l  and 
cons t ruc t ion  of t h e  cab l e  and on t h e  ope ra t i ng  frequency. 
The UHF guided wireless system t r e a t e d  i n  t h i s  seminar i s  one based 
on t h e  use of s p e c i a l  semi- f lex ib le  RX4-1 Radiax coax ia l  c ab l e  of 
1/2-inch diameter  and 50 ohm c h a r a c t e r i s t i c  impedance. The cab l e  has  a 
s o l i d  copper s h i e l d  i n  which ho le s  have been machined t o  i n c r e a s e  t h e  
amount of coupl ing t o  t h e  e x t e r n a l  space ,  a s  opposed t o  t h e  braided-  
type s h i e l d  used i n  convent ional  f l e x i b l e  cab l e s  f o r  lower frequency 
a p p l i c a t i o n s .  A cut-away view of t h e  Radiax cab l e  i s  shown i n  F igure  12.  
Its c o s t  i s  more than  t e n  t i m e s  t h a t  of convent ional  b r a ided  cab l e  used 
f o r  cab l e  t e l e v i s i o n  home i n s t a l l a t i o n s .  According t o  t h e  cab l e  manu- 
f a c t u r e r ,  Andrew Corporat ion,  a l a t e r a l  coupl ing l o s s  of 85 + 1Q dB is  
experienced when t h e  e x t e r n a l  s i g n a l  s t r e n g t h  i s  measured a t  a d i s t a n c e  
of  20 f e e t  from RX4-1 Radiax cab l e .  This l o s s  inc ludes  t h e  s h i e l d  
coupl ing l o s s  and t h e  r a d i a l  spreading  l o s s  f o r  t h i s  d i s t a n c e  and a p p l i e s  
f o r  bo th  incoming and outgoing s i g n a l s .  The longi tud ina , l  a t t e n u a t i o n  
l o s s  i s  2 .1  dB/100 f e e t .  
F igure  12. -Radiax Coaxial Cable, Cut-a-Way V i e w  
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Figure  1 3  i s  a  ske t ch  i l l u s t r a t i n g  how s i g n a l s  both i n  t h e  cab l e  
and i n  t h e  haulage way decrease  i n  s t r e n g t h  a s  t h e  d i s t a n c e  along t h e  
cab l e  from a  r e p e a t e r  s t a t i o n  i s  increased .  S igna l  vo l t ages  and 
e x t e r n a l  f i e l d s  a r e  reduced i n  s t r e n g t h  by a f a c t o r  of 10-1 (20 dB) 
f o r  every 950 f e e t  of cab l e  t r a v e l e d ,  due t o  t h e  2 .1  d ~ / 1 0 0  f t  
l o n g i t u d i n a l  a t t e n u a t i o n  r a t e .  F igure  13  d e p i c t s  t h e  decrease  
i n  s i g n a l  s t r e n g t h  f o r  t ransmiss ions  by t h e  r e p e a t e r .  A s i m i l a r  s i g n a l  
s t r e n g t h  decrease  occurs  f o r  t ransmiss ions  from a  handy t a l k i e ,  bu t  
w i th  t h e  s i g n a l  s t r e n g t h  now being l a r g e s t  a t  t h e  handy t a l k i e  l o c a t i o n  
and decreas ing  a s  t h e  s i g n a l  t r a v e l s  i n  t h e  cab l e  towards t h e  r e p e a t e r .  
F igure  13. -Two-way Communication Range f o r  Radiax Guided 
Wireless Radio System 
I n  s p i t e  of t h e  h o l e s ,  t h e  coupl ing l o s s  imposed by t h e  s h i e l d  i s  
s t i l l  h igh  and r e q u i r e s  t h e  use  of r e p e a t e r s  ( t o  amplify and r e t r ansmi t  
incoming s i g n a l s )  t o  a l low communication v i a  t h i s  cab l e  between roving 
miners ca r ry ing  p o r t a b l e  handy t a l k i e  r ad ios .  The spacing of t h e s e  
r e p e a t e r s  a long t h e  cab l e  (base s t a t i o n s  i f  on ly  a  surface-to-mine 
channel i s  des i r ed )  w i l l  b e  governed p r imar i l y  by t h e  l a t e r a l  range 
d e s i r e d  from t h e  cab l e ,  t h e  l o n g i t u d i n a l  a t t e n u a t i o n  r a t e  of t h e  cab l e ,  
and t h e  t r a n s m i t t e r  power of t h e  p o r t a b l e  u n i t s .  Since t h e  t r a n s m i t t e r  
power a v a i l a b l e  f o r  p o r t a b l e  u n i t s  i s  gene ra l l y  lower than  t h a t  a v a i l a b l e  
f o r  f i x e d  r e p e a t e r  o r  base  s t a t i o n s ,  t h e  p o r t a b l e  u n i t s  set t h e  coyerage 
limits f o r  two-way communications. 
Arthur I>( Little, Inc. 
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Expected Coverage 
The two-way coverage o b t a i n a b l e  w i t h  a  guided w i r e l e s s  r a d i o  system 
h a s  been e s t ima t ed  f o r  a  hau lage  way i n s t a l l a t i o n  c o n s i s t i n g  of  t h e  
Andrew RX4-1 Radiax c o a x i a l  c a b l e ,  two-watt ba se  s t a t i o n s  and r e p e a t e r s ,  
and t h e  same Motorola HT220 two-watt handy t a l k i e s  used f o r  t h e  w i r e l e s s  
s e c t i o n  r a d i o  system. A s  i n  t h e  c a s e  of w i r e l e s s  s e c t i o n  r a d i o ,  
communication range  w i l l  be  l i m i t e d  by i n t r i n s i c  r e c e i v e r  n o i s e  a s  
opposed t o  e x t e r n a l  e l e c t r i c a l  n o i s e .  The coverage e s t i m a t e s  a r e  based 
on l a t e r a l  coupl ing  l o s s  and l o n g i t u d i n a l  a t t e n u a t i o n  d a t a  s u p p l i e d  by 
t h e  c a b l e  manufac ture r ,  p r e l im ina ry  exper imenta l  d a t a  ob ta ined  f o r  t h e  
Radiax i n s t a l l a t i o n  i n  t h e  Bureau t s  S a f e t y  Research mine, and some of 
t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  d i s cus sed  under  w i r e l e s s  s e c t i o n  
r a d i o .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  ranges  expec ted  a long  hau lage  ways 
and down e n t r i e s  c r o s s i n g  hau lage  ways. 
When an  e n t r y  c r o s s i n g  t h e  hau lage  way i s  c l o s e  t o  a  r e p e a t e r  s t a t i o n ,  
two-way l a t e r a l  coverage should  be  p o s s i b l e  t o  handy t a l k i e  r a d i o s  l o c a t e d  
300-to-500 f e e t  down t h e  c r o s s  e n t r y .  F igure  1 4  i l l u s t r a t e s  t h e  expec ted  
s i g n a l  behav ior  and coverage down such a  c r o s s  e n t r y .  Once t h e  UHF s i g n a l  
f i e l d  becomes w e l l  e s t a b l i s h e d  i n  t h e  c r o s s  e n t r y ,  i t s  propaga t ion  down 
t h e  e n t r y  and around subsequent  c o m e r s  w i l l  b e  governed by t h e  same 
p r i n c i p l e s  and a t t e n u a t i o n  r a t e s  d i s cus sed  under  w i r e l e s s  s e c t i o n  r a d i o .  
F igu re  14 .  - Guided Wire less  Radio System, Propaga t ion  
Down Cross-Cuts Off Haulage Ways 







































































































































































A s  t h e  d i s t a n c e  between t h e  c ros s  e n t r y  and t h e  haulage way r e p e a t e r  
s t a t i o n  becomes l a r g e r ,  t h e  s i g n a l  a v a i l a b l e  a t  t h e  mouth of  t h e  e n t r y  
w i l l  become weaker, s o  t h e  l a t e r a l  coverage down t h e  c r o s s  e n t r y  w i l l  be  
correspondingly reduced. Eventua l ly  t h e  two-way coverage w i l l  be  r e s t r i c t e d  
t o  t h e  conf ines  of t h e  haulage way cross -sec t ion .  The manufacturers  of 
t h e  cab l e  and p o r t a b l e  handy t a l k i e s ,  Andrew and Motorola r e s p e c t i v e l y ,  
have found t h a t  coverage becomes confined t o  t h e  haulage way a t  a 
d i s t a n c e  of approximately 2,000 f e e t  down t h e  cab l e  from t h e  r e p e a t e r  
s t a t i o n  a s  i n d i c a t e d  i n  Figure 1 3  above. This 2,000-foot d i s t a n c e  l i m i t  
d i c t a t e s  t h a t  a UHF Radiax cab l e  system, i f  designed t o  g ive  two-way 
coverage p r imar i l y  i n  t h e  haulage way, w i l l  r e q u i r e  a r e p e a t e r  p laced  
a t  t h e  c e n t e r  of each 4,000-foot run of cab le .  I f  coverage is a l s o  d e s i r e d  
down c r o s s  e n t r i e s ,  t h e  spacing between t h e  r e p e a t e r s  w i l l  have t o  be  
reduced t o  meet t h e  minimum two-way lateral  coverage r equ i r ed  i n  t h e  c ros s  
e n t r y  l oca t ed  midway between r e p e a t e r  s t a t i o n s .  
I n  sum, t h e  UHF Radiax-based guided w i r e l e s s  system does provide 
some l a t e r a l  two-way coverage down e n t r i e s  c ros s ing  haulage ways, bu t  
t h i s  l a t e r a l  coverage does no t  remain cons tan t  o r  l a r g e  over  a s u b s t a n t i a l  
l e n g t h  of a cab l e  run. This  decreases  t h e  a t t r a c t i v e n e s s  of  t h e  Radiax 
system from t h e  s t andpo in t s  of c o s t  and p r a c t i c a l i t y  f o r  p rovid ing  a r e a  
coverage i n  a U.S. mine environment. I f ,  on t h e  o t h e r  hand, t h e  coverage 
requirement can be l i m i t e d  t o  t h e  haulage way, t h i s  requirement can be 
more economically s a t i s f i e d  i n  a p r a c t i c a l  manner by us ing  much lower 
f requenc ies  t oge the r  w i th  less expensive coax ia l  c ab l e s ,  t h e  mine power 
c a b l e s ,  o r  t h e  t r o l l e y w i r e / t r a c k  t ransmiss ion  l i n e .  
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Sys tem Descript ion 
Figure 15 is  a block diagram of a b a s i c  UHF guided wi re l e s s  r ad io  
system using Radiax cable.  It represents  t h e  kind of equipment needed 
f o r  a UHF haulage way app l i ca t ion .  The system a l s o  has a branch-off and 
associa ted  antenna terminat ion t o  allow c:ommunication with roving miners 
on a sec t ion .  Communications from t h e  sur face  t o  a roving miner a r e  
e s t ab l i shed  by means of audio and control. l i n e s  t h a t  go from t h e  con t ro l  
console on the  su r face  t o  r epea te r s  (o r  blase s t a t i o n s )  a t  f ixed  loca t ions  
i n  the  haulage way. The t r a n s m i t t e r s  of these  f ixed  s t a t i o n s  send UHF 
rad io  s i g n a l s  down t h e  Radiax cable  t o  roving miners equipped with 
por t ab le  handy t a l k i e s .  These handy t a lk . i e s  pick up a por t ion  of t h e  
s i g n a l  energy coupled i n t o  t h e  haulage way by the  holes  i n  the  s h i e l d  of 
the  cable.  Conversely, radio  t ransmissions from the  roving miners a r e  
picked up v i a  the  holes  i n  t h e  cable and c a r r i e d  i n s i d e  the  cable t o  a 
r epea te r  o r  base s t a t i o n ,  where t h e  audio output is  s e n t  v i a  t h e  audio 
and con t ro l  l i n e s  t o  t h e  con t ro l  console on t h e  sur face .  
Figure 15. - A  UHF Guided Wir'eless Radio System 
Using Radiax Cable 
I f  only roving miner-to-surface comnrunication i s  requi red ,  base 
s t a t i o n s  ins t ead  of r epea te r s  can be used, with only a s i n g l e  frequency 
(channel two) f o r  t ransmi t  and rece ive  being requi red  f o r  both t h e  
base s t a t i o n s  and por t ab le  u n i t s .  I f  roving miner-to-roving miner 
communication i s  requi red ,  i n  add i t ion  t o  communication with t h e  su r face ,  
r epea te r  s t a t i o n s  t h a t  r ece ive ,  amplify, iand re t ransmi t  s i g n a l s  from t h e  
Arthur D Little, Inc 
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por t ab le s  must be used,  toge ther  wi th  two f requencies .  ( In  t h i s  case ,  
channels one and two w i l l  be needed f o r  t ransmi t  and rece ive  by the  po r t ab le s ,  
r e spec t ive ly ,  and v i c e  v e r s a  f o r  t h e  r epea te r  s t a t i o n s . )  Adequate two-way 
coverage i n  t h e  haulage way i s  obtained by spacing t h e  r e p e a t e r s  o r  base  
s t a t i o n s  4000 f e e t  a p a r t .  
A s  shown i n  Figure 15 ,  each f i x e d  s t a t i o n  has an independent audio 
l i n e  f o r  r e l ay ing  received messages t o  t h e  su r face .  However, a common 
audio l i n e  is  used t o  a c t i v a t e  a l l  f i xed  s t a t i o n s  along t h e  haulage way 
f o r  t r ansmi t t ing  messages from t h e  su r face .  This al lows t h e  su r face  t o  
cover t h e  e n t i r e  haulage way wi th  a s i n g l e  t ransmiss ion ,  and t o  rece ive  
non in te r f e r ing  r e p l i e s  from miners loca ted  along d i f f e r e n t  4000-foot 
s e c t i o n s  of t h e  cable .  To provide roving miner-to-roving miner communica- 
t i o n  between miners loca ted  along d i f f e r e n t  4000-foot s e c t i o n s  of cable ,  
a d d i t i o n a l  audio and con t ro l  l i n e s  must be run between each of t h e  r epea te r  
s t a t i o n s ,  t o  al low each message from a po r t ab le  t o  be au tomat ica l ly  
r e t r ansmi t t ed  by a l l  r epea te r  s t a t i o n s  along t h e  haulage way. 
Figure 16 d e p i c t s  a UHF guided w i r e l e s s  r ad io  Radiax cable  system 
i n s t a l l e d  i n  t h e  ~ u r e a u ' s  Safe ty  Research mine. The dimensions of t h i s  
small  mine approach those  of a 600 f t .  1 s  600 f t .  mine s e c t i o n ,  s o  t h e  cab le  
layout  i s  somewhat r ep resen ta t ive  f o r  a s e c t i o n  app l i ca t ion  without  an 
antenna te rminat ion .  A two frequency 12-watt Motorola r epea te r  s t a t i o n  
loca ted  ou t s ide  t h e  mine i s  used f o r  miner-to-miner and miner-to-surface 
communications. A s i n g l e  frequency 40-watt Motorola base  s t a t i o n  loca ted  
i n  t h e  mine is  used a s  an a l t e r n a t i v e  mi-ner-to-surface communication 
pa th .  The system i s  a l s o  equipped wi th  a paging encoder a s  ind ica t ed  
Arthur D Little, fnc. 
i n  F igure  15.  This  encoder provides  a  more l i m i t e d  c a l l  a l e r t  o r  paging 
mode of ope ra t i on  wi th  l e s s  expensive pocket pagers  i n s t e a d  of handy 
t a l k i e s .  
F igure  16 .  -UHF 420 MHz Guided Wireless  Radio System 
I n s t a l l e d  i n  t h e  Sa fe ty  Research Mine 
Figure 17  shows t h e  system c o n t r o l  console  which would normally be 
l oca t ed  on t h e  s u r f a c e .  F igure  1 8  i s  a  photograph of t h e  two-frequency 
12-watt r e p e a t e r  s t a t i o n ,  whi le  F igure  19 shows t h e  40-watt base  s t a t i o n  
and s p e c i a l  power supply u n i t .  The 2-watt handy t a l k i e s  a r e  t h e  same 
ones d i scussed  under w i r e l e s s  s e c t i o n  r ad io  and a r e  shown i n  F igure  7. 
Figure 17 .  -System Control  Console 
F igure  18.  - Two-Frequency 12-Watt Repeater S t a t i o n  
F igure  19.  - S i n g l e  Frequency 40-Watt Base S t a t i o n  
and Spec i a l  Power Supply Unit  
The i n s t a l l a t i o n  shown i n  F igure  16 d id  no t  meet our  performance 
expec t a t i ons  d e s p i t e  t h e  use  of approximately 2,000 f e e t  of Radiax cab le .  
Complete two-way coverage of t h e  mine was no t  ob ta ined .  The worst  a r e a s  
were l a r g e l y  l oca t ed  i n  t he  l e f t  h a l f  of t h e  mine, p a r t i c u l a r l y  i n  t h e  
v e r t i c a l  cross-cut  w i th  t h e  45-degree c o m e r  on t h e  map i n  F igure  16 ,  
bu t  pockets  of weak performance w e r e  a l s o  p re sen t  i n  o t h e r  p a r t s  of t h e  
mine. Means of improving t h i s  performance by t h e  a d d i t i o n  of antenna 
te rmina t ions  a t  s e l e c t e d  l o c a t i o n s  a r e  c u r r e n t l y  under i n v e s t i g a t i o n .  
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FIGURE 18 TWO-FREQUENCY 12-WATT REPEATER STATION 
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FIGURE 19 SINGLE FREQUENCY 40-WATT BASE STATION 
AND SPECIAL POWER SUPPLY UNIT 
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UHF OVERLAND LOOPBACK 
The Bureau has a l s o  inves t iga ted  meains of looping underground 
communication channels back t o  t h e i r  poin.ts of o r i g i n  on t h e  sur face .  
An example of a t y p i c a l  overland rad io  loopback channel i s  shown a s  p a r t  
of Figure 10.  I n  t h i s  i l l u s t r a t i o n  i t  i s  used t o  loopback a Radiax 
guided wi re l e s s  r ad io  communications chaninel. A s  shown i n  Figure 10 t h e  
audio output of an in-mine f ixed  s t a t i o n  :is brought ,via  audio and con t ro l  
l i n e s  i n  a power borehole o r  v e n t i l a t i o n  s h a f t ,  t o  a su r face  loopback 
s t a t i o n  cons i s t ing  of a 12-watt, six-channel UHF t r ansmi t t e r / r ece ive r  
and associa ted  antenna. Figure 20 i s  a plnotograph of such a sur face  
loopback s t a t i o n  loca ted  near  a borehole. The UHF rad io  loopback system 
can a l s o  loopback t h e  outputs  of t h e  underground mine phone and c a r r i e r  
phone communication channels,and those  of mine environment monitoring 
channels.  This is  done by running indepeindent s e t s  of wires  up t h e  same 
borehole t o  t h e  UHF loopback s t a t i o n  on t:he sur face  and occupying more of 
i t s  UHF channels.  On t h e  s u r f a c e ,  a l l  messages a r e  t ransmi t ted  overland 
t o  a s i m i l a r  t ransmi t / rece ive  s t a t i o n  loca ted  near  t h e  mine foreman's 
o f f i c e ,  and subsequently t o  appropr ia te  monitoring o r  con t ro l  s t a t i o n s .  
Figure 20. -Surface Transmitter/~eceiver/Antenna Sta t ion  
f o r  Overland Radio Loopback 
By plac ing  t h e  su r face  s t a t i o n s  a t  s t r a t e g i c  loca t ions ,  t he  mine phone 
l i n e ,  t r o l l e y  wi re ,  and environment monitoring channels a s  we l l  a s  wi re l e s s  
and guided wi re l e s s  channels can be  looped back together .  I n  t h i s  manner 
every transmission t h a t  goes i n t o  t h e  mine v i a  a primary rou te  can be 
sen t  out  again v i a  t h e  overland loopback. I f  a break should occur i n  any 
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FIGURE 20 SURFACE TRANSMITTERIRECEIVERIANTENNA 
STATION FOR 0VERLA.ND RADIO LOOPBACK 
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one of t h e  communication channels  and a miner inby t h e  b r eak  cannot be 
reached by t h e  primary r o u t e ,  t h e  loopback r o u t e  can be used t o  reach  
him. Sur face  power l i n e s  and te lephone l i n e s  a r e  a l s o  s u i t a b l e  f o r  
looping  back in-mine communication channels .  
CONCLUDING REMARKS 
The gene ra l  f e a t u r e s  of t h e  methods d i scussed  i n  t h i s  paper  f o r  
e s t a b l i s h i n g  two-way w i r e l e s s  and guided w i r e l e s s  r a d i o  communications 
between underground rov ing  miners  a t  UHF a r e  summarized i n  Table  1. 
Table 1. - UHF Radio I n  Mines f o r  Roving Miner-to-Miner Communications 
Method Un i t s  of Coverage 
D i r e c t  Wire less  Half Sec t i on ,  o r  
0 . 3  Mile of  Haulage Way 
Wire less  Whole Sec t i on ,  o:r 
Via Repeater  0 .6  Mile of Haulage Way 
Guided Wire less  Whole Sec t i on ,  o r  
Via Repeater and 0.8 Mile of Haulage Way 
Radiax Cable 
(per  u n i t  of coverage) 
Handy T a l k i e s  
Handy T a l k i e s ,  P lus  
Cen t r a l  Low-Power 
Repeater  
Handy T a l k i e s ,  P l u s  
Cen t r a l  High-Power 
Standard Repeater ,  P l u s  
Radiax Cable Along 
Haulage Way o r  D i s t r i b -  
u ted  i n  Sec t ion  
Furthermore,  rov ing  miner communications can be e s t a b l i s h e d  w i th  
t h e  su r f ace , and  between s e p a r a t e  coverage u n i t s  a long hau lage  ways o r  
d i f f e r e n t  s e c t i o n s , b y  adding i n t e r connec t  equipment a p p r o p r i a t e  t o  each 
method. The wi re less -v ia - repea te r  met:hod can u se  a r ad io - to - ca r r i e r  
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i n t e r connec t  t o  t h e  e x i s t i n g  mine phone l i n e  a t  each r e p e a t e r  l o c a t i o n ,  
t o g e t h e r  w i th  a  s tandard  c a r r i e r  phone a t  t h e  s u r f a c e  end of t h e  mine 
phone l i n e .  The guided w i r e l e s s  method can use i n t e r connec t  equipment 
s i m i l a r  t o  t h a t  f o r  t h e  w i r e l e s s  method, o r  i n s t a l l  a  s e t  of audio and 
c o n t r o l  l i n e s  connect ing a l l  t h e  r e p e a t e r  s t a t i o n s  w i th  each o t h e r  and 
wi th  a  s u r f a c e  console  s t a t i o n .  The l a t t e r  approach i s  t h e  cu r r en t  
p r a c t i c e  f o r  Radiax-based guided w i r e l e s s  systems. 
I n  sum, our  i n v e s t i g a t i o n s  revea:L t h a t  UHF w i r e l e s s  s e c t i o n  r a d i o  
is  more e f f e c t i v e ,  p r a c t i c a l  and economical than  Radiax-based UHF 
guided w i r e l e s s  r a d i o  f o r  bo th  s e c t i o n  and haulage way roving miner 
a p p l i c a t i o n s .  Wireless  s e c t i o n  r a d i o  a l s o  provides  s u p e r i o r  f l e x i b i l i t y  
f o r  e s t a b l i s h i n g  two-way communications a t  l o c a t i o n s  t h a t  may temporar i ly  
r e q u i r e  w i r e l e s s  coverage because of an emergency o r  maintenance problem. 
For s t r i c t l y  haulage way a p p l i c a t i o n s ,  much lower f requenc ies  and lower 
c o s t  t ransmiss ion  l i n e s  appear  t o  o f f e r  o t h e r  advantages,  and a r e  p r e s e n t l y  
be ing  i n v e s t i g a t e d .  
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11. THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 
A. INTRODUCTION 
During t h e  summer of 1973, ADL provided t e c h n i c a l  and suppor t  a s s i s t a n c e  
t o  PMSRC r e l a t e d  t o  a  Bureau-sponsored Through-the-Earth Electromagnet ics  
Workshop a t  t h e  Colorado School of Mines. This  workshop brought  t o g e t h e r  
people c u r r e n t l y  doing r e sea rch  and development r e l a t i n g  t o  t h e  des ign  
of  e l ec t romagne t i c  systems f o r  communicating w i t h ,  and/or  l o c a t i n g ,  sub- 
s u r f a c e  miners .  The o b j e c t i v e  of  t h i s  ~rorkshopwas t o  p r e sen t  and d i s c u s s  
t h e  l a t e s t  r e s u l t s  of  t h e  work of t h e s e  i n v e s t i g a t o r s ;  t o  summarize t h e  
p r e sen t  s t a t u s  of developments r e l a t e d  t:o t h i s  work; and t o  recommend 
sho r t -  and long-term r e sea rch  and development e f f o r t s  needed t o  advance 
t h e  s t a t e -o f - t he - a r t  and f u r t h e r  t h e  development of p r a c t i c a l  e l e c t r o -  
magnetic mine communication and l o c a t i o r ~  systems.  
ADL's  a s s i s t a n c e  inc luded:  t e c h n i c a l  p lanning  and suppor t i ng  s e r v i c e s  
r e l a t e d  t o  t h e  ~ u r e a u ~ s  p a r t i c i p a t i o n  i n  t h e  workshop; a c t i v e  p a r t i c i p a -  
t i o n  of  ADL s t a f f  dur ing  t h e  workshop, bo th  i n  t h e  p r e s e n t a t i o n  of a  
Bureau-sponsored paper  e n t i t l e d ,  "Theorjr of t h e  Propagat ion of UHF Radio 
Waves i n  Coal Mine Tunnels t t ,  and a s  Chairmen of two Working Groups on 
"Uplink and Downlink Communicationstt and "Operat ional  Communicationstf; 
reviewing of  papers  submit ted f o r  t h e  Workshop Proceedings ; and prepar-  
a t i o n  of  two r e p o r t s  summarizing t h e  p r e sen t  s t a t u s  and recommendations 
regard ing  t h e  r e sea rch  and development a r e a s  t r e a t e d  by t h e  above Work- 
i n g  Groups. 
The UHF Theory summary paper  and t h e  two Working Group summary r e p o r t s  
mentioned above w i l l  appear  i n  t h e  Proceedings of  t h e  Workshop,*and have 
been inc luded  i n  t h e  fo l lowing  s e c t i o n s  of  t h i s  P a r t  f o r  convenient  
r e f e r ence  . 
* These Proceedings a r e  t o  be  publ i shed  a s  p a r t  of t h e  Colorado 
School o f  Mines F i n a l  Report  t o  t h e  Bureau of Mines on Grant G133023. 
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B. THEORY OF THE PROPAGATION OF UHF RADIO WAVES 
IN COAL MINE TUNNELS 
Alfred G. EmslieI1 
Robert L. Lagace12 and Peter F. Strong2 
ABSTRACT 
This paper is concerned with the theoretical study of UHF radio communication in coal mines, 
with particular reference to  the rate of loss of signal strength along a tunnel, and from one tunnel to  
another around a corner. Of prime interest are the nature of the propagation mechanism and the 
prediction of the radio frequency that propagates with the smallest loss. Our theoretical results are 
compared with measurements made by Collins Radio Co. This work was conducted as part of the 
Pittsburgh Mining and Safety Research Center's investigation of new ways to  reach and extend 
two-way communications to the key individuals that are highly mobile within the sections and 
haulage ways of coal mines. 
INTRODUCTION 
At frequencies in the range of 200-4,000 MHz the rock and coal bounding a coal mine tunnel 
act as relatively low loss dielectrics with dielectric constants in the range 5-10. Under these 
conditions a reasonable hypothesis is that transmission takes the form of waveguide propagation in 
a tunnel, since the wavelengths of the UHF waves are smaller than the tunnel dimensions. An 
electromagnetic wave traveling along a rectangular tunnel in a dielectric medium can propagate in 
any one of a number of allowed waveguide modes. All of these modes are "lossy modes" owing to 
the fact that any part of the wave that impinges on a wall of the tunnel is partially refracted into 
the surrounding dielectric and partially reflected back into the waveguide. The refracted part 
propagates away from the waveguide and represents a power loss. This type of waveguide mode 
differs from the light-pipe modes in glass fibers in which total internal reflection occurs at the wall 
of the fiber, with zero power loss if the fiber and the matrix in which it is embedded are both 
lossless. It is to  be noted that the attenuation rates of the waveguide modes studied in this paper 
depend almost entirely on refraction loss, both for the dominant mode and higher modes excited by 
scattering, rather than on ohmic loss. The effect of ohmic loss due to the $mall conductivity of the 
surrounding material is found to  be negligible at the frequencies of interest here, and will not be 
further discussed. 
The views and conclusions contained in this document are those of the authors and should not be interpreted as 
necessarily representing the official policies of the Interior Department's Bureau of Mines or the U.S. Government. 
This paper was prepared under USBM Contract No. H0122026. 
1. Consultant: Formerly with Arthur D. Little, Inc. (Retired) 
2. Arthur D. Little, I nc., Cambridge, Massachusetts. 
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The study reported here is concerned with tunnels of rectangular cross section and the theory 
includes the case where the dielectric constant of the material on the side walls of the tunnel is 
different from that on top and bottom walls. The work extends the earlier theoretical work by 
Marcatili and ~chmel tzer( '  ) and by  laser(' ) which applies to waveguides of circular and parallel-plate 
geometry in a medium of uniform dielectric constant. 
In this paper we present the main features of the propagation of UHF waves in tunnels. Details 
of the derivations are contained in Arthur D. Little, Inc. reports.(3 ) 
THE FUNDAMENTAL ( 1 , l )  WAVEGUIDE MODES 
The propagation modes with the lowest attenuation rates in a rectangular tunnel in a dielectric 
medium are the two (1 , l )  modes which have the electric field i? polarized predominantly in the 
horizontal and vertical directions, respectively. We will refer t o  these two modes as the Eh and E, 
modes. 
The main field components of the Eh mode in the tunnel are 
Ex = Eo cos kx x cos ky y e-ikzz (1) 
Hy = (k, l ~ o  )Eo cos k, x cos ky y e-ikzz (2) 
where the symbols have their customary meaning. The coordinate system is centered in the tunnel 
with x horizontal, y vertical, and z along the tunnel. In addition to these transverse field 
components there are small longitudinal components E, and Hz and a small transverse component 
H,. For the frequencies of interest here 8, and ky are small compared with k, which means that 
the wave propagation is mostly in the z-direction. From a geometrical optics point of view, the ray 
makes small grazing angles with the tunnel walls. 
In the dielectric surrounding the tunnel the wave solution has the form of progressive waves in 
the transverse as well as the longitudinal directions. The propagation constant k, for the ( 1 , l )  mode 
is an eigenvalue determined by the boundary conditions of continuity of the tangential components 
of and 3 at the walls of the tunnel. Owing to the simple form of the wave given by (1) and (2) 
these conditions can be satisfied only approximately. However, a good approximation to k, is 
obtained. The imaginary part of k,, which arises owing to the leaky nature of the mode, gives the 
attenuation rate of the wave. The loss LE , in dB for the (1 , l )  Eh mode is given by 
where K ,  is the dielectric constant of the side walls and K2 of the roof and floor of the tunnel. 
The corresponding result for the (1 , l )  E, mode is 
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These results are valid if the wavelength h is small compared with the tunnel dimensions d ,  
and d 2 .  The same formulas are also obtained if one adds the attenuations for horizontal and vertical 
slot waveguides with dimensions d2 and d l ,  and dielectric constants K2 and K , ,  respectively. The 
losses calculated by (3) and (4) also agree closely with those calculated by a ray approach. 
Figure 1 shows loss rates in dB1100 ft as functions of frequency calculated by (3) and (4) for 
the (1 , l )  Eh and E, modes in a tunnel of width 14 ft and height 7 ft,  representative of a haulage 
way in a seam of high coal, and for K, = K2 = 10, corresponding to coal on all the walls of the 
tunnel. It is seen that the loss rate is much greater for the E, mode. Figure 2 shows the calculated 
Eh loss rate for a tunnel of half the height. The higher loss rate in the low coal tunnel is due to the 
effect of the d i  term in (3). 
Two experimental values obtained by Collins Radio C O . ( ~  ) for horizontal-horizontal antenna 
orientations are also shown in Figure 1. These values agree well with theory for the Eh mode for 
41 5 MHz, but not so well for 1000 MHz. The departure suggests that some additional loss 
mechanism sets in at higher frequencies. 
It is also significant that the experimental values of the loss rates for all three orientation 
arrangements of the transmitting and receiving dipole antennas, namely, horizon tal-horizon tal, 
vertical-horizontal, and vertical-vertical, are surprisingly close to each other. The independence of 
loss rate with respect to polarization is not predicted by the theory discussed so far, as seen in 
Figure 1 for the Eh and E, modes. Indeed, the theory predicts no trarlsmission at all for the VH 
antenna arrangement. 
PROPAGATION MODEL 
The higher observed loss rate at  the higher frequencies relative to the calculated Eh mode 
values, and the independence of the loss rate on antenna orientation can both be accounted for if 
one allows for scattering of the dominant (1 , l )  Eh mode by roughness and tilt of the tunnel walls. 
The scattered radiation goes into many higher modes and can be regarded as a diffuse radiation 
component that accompanies the Eh mode. The diffuse component is in dynamical equilibrium 
with the Eh mode in the sense that its rate of generation by scattering of the Eh mode is balanced 
by its rate of loss by refraction into the surrounding dielectric. Since the diffuse component consists 
of contributions from the (1 , l )  E, mode and many higher order waveguide modes, all of which have 
much higher refractive loss rates than the fundamental Eh mode, the dynamical balance point is 
such that the level of the diffuse component is many dB below that of the Eh mode at any point in 
the tunnel. 
Our propagation model, comprising the (1.1 ) Eh mode plus an equilibrium diffuse component, 
explains the discrepancy between theory and experiment in Figure 1 ,  since the loss due to  scattering 
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of the Eh mode is greater at 1000 MHz than at 41  5 MHz owing to the larger effect of wall tilt at the 
higher frequency. The model accounts for the independence of loss rate on antenna orientation, 
since the loss rate is always that of the Eh mode, except for initial and final transition regions. no 
matter what the orientations of the two antennas may be. The transition regions, however. cause 
different insertion losses for the different antenna orientations. 
Further strong support for the theoretical model is provided by the discovery by Collins Radio 
Co. that a large loss in signal strength occurs when the receiving antenna is moved around a corner 
into a cross tunnel; and that the signal strength arouind the comer is independent of receiving 
antenna orientation. This is exactly what our model predicts since the well collimated Eh mode in 
the main tunnel co~lples very weakly into the cross tunnel, whereas the uncollimated diffuse 
component couples quite efficiently. Since the diffuse radiation component is likely to be almost 
unpolarized. the observed independence of signal strength on receiving antenna orientation is 
understandable. 
Another experimental result is that the initial atttmuation rate in the cross tunnel is much 
higher than the rate in the main tunnel. This is also in accord with the model since the diffuse 
radiation component has a much larger loss rate than the E, mode owing to its steeper angles of 
incidence on the tunnel walls, 
THE DIFFUSE RADIATION COMPONENT 
Scattering of the ( 1.1 ) Eh mode into other modes to generate the diffuse component occurs by 
two mechanisms: wall roughness and wall tilt. 
Roughness is here regarded as local variations in the level of the surface relative to the mean 
level of the surface of a wall. For the case of a Gaussian distribution of the surface level, defined by 
a root mean square roughness h. the loss in dB by the E, ]mode is given by the formula 
This is also the gain by the diffuse component due to roughness. 
Long range tilt of the tunnel walls relative to the mean planes which define the dimensions d , 
and d, of the tunnel causes radiation in the Eh mode to be deflected away from the directions 
defined by the phase condition for the mode. One can calculate the average coupling factor of such 
deflected radiation back into the Eh mode and thereby find the loss rate due to tilt. The result in 
dB is 
where 0 is the root mean square tilt. Eq. (6) also gives the rate at which the diffuse component gains 
power from the E, mode as a result of the tilt. 
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It is noted from (5) and (6) that roughness is most important at low frequencies while tilt is 
most important at high frequencies. 
Figure 3 shows the effect on the (1 , l )  Eh mode propagation of adding the loss rates due to 
roughness and tilt t o  the direct refraction loss given in Figure 1. The curves are calculated for a root 
mean square roughness of 4 inches and for various assumed values of 0 .  It is seen that a value 0 = 1 " 
gives good agreement with the experimental values of Collins Radio Co. The effect of tilt is much 
greater than that of roughness in the frequency range of interest. 
Having determined the value of 0 ,  for the assumed value of h, we can now find the intensity 
ratio of the diffuse component to the Eh mode from the equilibrium balance equation 
Id , main /Ih, main = Lh 13 ILd (7) 
where L i d  is the loss rate from the Eh mode into the diffuse component, and Ld is the loss rate of 
the diffuse component by refraction. To estimate Ld approximately, we take the loss rate t o  be 
that of an "average ray" of the diffuse component having direction cosines (1 / ! ,  1 1 1 ' 7 ) .  
Then 
where R, the Fresnel reflectance of the average ray for K1 = K2 = 10, has the value 0.28. Then for 
d l  = 14 ft, d2 = 7 ft, z = 100 ft, we find that Ld = 119 dB/100 ft.  Thisvalue has to  be corrected 
for the loss of diffuse radiation into cross tunnels which we assume have the same dimensions as the 
main tunnel and occur every 75 ft.  From relative area considerations we find that this loss is 
2 dB/ 100 ft. The corrected value is therefore 
Ld = 121 dB/100 ft. (9 
which is independent of frequency. 
The loss rate Lhd is shown in Table I as a function of frequency for the 14 ft x 7 ft tunnel. 
The values are the sum of the roughness and tilt losses calculated by (5) and (6) for h = 4 inches rms 
and 0 = 1 " rms. The diffuse component level relative to the E, mode, calculated by (7), is given in 
the fourth column of Table I. The diffuse component is larger at high frequencies owing to the 
increased scattering of the Eh mode by wall tilt. 
PROPAGATION AROUND A CORNER 
From solid angle considerations one finds that the fraction of the diffuse component in the 
main tunnel that enters the 14 ft x 7 ft aperture of a cross tunnel is 15% or - 8.2 dB. The diffuse 
level just inside the aperture of the cross tunnel, relative to the Eh mode level in the main tunnel is 
therefore obtained by subtracting 8.2 dB from the values in column 4 of Table 1. The results are 
shown in column 5 of the table. A dipole antenna with either horizontal or vertical orientation 
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placed a t  this point responds t o  one half of the diffuse radiation, and therefore gives a signal that is 
3 dB less than the values in column 5 of Table I, relative to  a horizontal antenna in the main tunnel. 
If a horizontal antenna is moved down the cross tunnel the loss rate is initially 1 19 dB/ 100 f t  
(the value calculated above without correction for tunnels branching from the cross tunnel). 
Ultimately, however, the loss rate becomes that of the Eh mode excited in the cross tunnel by the 
diffi~se radiation in the main tunnel. We determine the Eh level at the beginning of the cross tunnel 
by calculating the fraction of the diffuse radiation leaving the exit aperture of the main tunnel 
which lies within the solid angle of acceptance of the Eh mode in the cross tunnel. The result is 
Ih . c r o ~ s / ~ d ,  m a i n  = h 3 / 1 6  n d :  d 2  
This ratio, in dB, is given in column 2 of Table 11. 
Column 3 of Table I1 is the Eh level at the beginning of the cross tunnel relative to  the Eh level 
in the main tunnel found by adding column 3 of Table I1 and column 4 of Table I. We find the 
corresponding ratio at 100 ft down the cross tunnel by adding the Eh propagation loss rates given in 
Figure 3 for 8 = l o .  The results are shown in the last column of Table 11. 
The foregoing theoretical results for the diffuse and Eh components in the cross tunnel allow 
us t o  plot straight lines showing the initial and final trends in signal level in the cross tunnel. These 
asymptotic lines are shown in Figures 4 and 5 for 41 5 ]MHz and 1000 MHz, in comparison with the 
cross tunnel measuren~ents of Collins Radio Co. The agreement both in absolute level and distance 
dependence gives good support to  the theoretical model. 
EFFECT OF ANTENNA ORIENTATION 
The theoretical model also allows us to  predict 'the effect of antenna orientation when the 
transmitting and receiving antennas are far enough apart so that dynamical equilibrium between the 
Eh Inode and the diffuse component is established. We start with both antennas horizontal (HH 
configuration) and consider this as the 0 dB reference. Then if the receiving antenna is rotated t o  
the vertical (HV configuration) this antenna is now orthogonal t o  the Eh mode, and therefore 
responds only t o  one half of the diffuse component,  so that the loss is 3 dB more than the values in 
Table I, column 4.  The result is shown in Table I11 column 2. Now. by the principle of reciprocity, 
the transmission for VH is the same as for HV as shown in column 3 of Table 111. We now rotate the 
receiving antenna t o  get the configuration VV. Again we incur an additional transmission loss of 
3 dB more than the values in Table I, column 4.  The VV values are shown in Table 111, column 4 .  
ANTENNA INSERTION LOSS 
Dipole o r  whip antennas are the most convenient for portable radio communications between 
individuals. However, a considerable loss of signal power occurs at both the transmitter and receiver 
when simple dipole antennas are used because of the inefficient coupling of these antennas to  the 
. waveguide mode. The insertion loss of each dipole antenna can be calculated by a standard 
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microwave circuit technique for computing the amount of power coupled into a waveguide mode 
by a probe, whereby the dipole antenna is represented as a surface current filament having a 
sinusoidal current distribution along its length. The result is 
Zo is the characteristic impedance of the Eh (1 , l )  mode and R, is the radiation resistance of the 
antenna, which are approximately 377 and 73 ohms, respectively, provided that X is small compared 
with d ,  and d 2 .  
Formula (1 1) applies to  antennas placed at the center of the tunnel and gives the results shown 
in Table IV, where the insertion loss Li in dB is equal to - 10 log, oC. It is seen that the insertion 
loss decreases rapidly with increasing wavelength, as one would expect, since the antenna size 
occupies a larger fraction of the width of the waveguide. The overall insertion loss, for both 
antennas, is twice the value given in the table. A considerable reduction in loss would result if high 
gain antenna systems were used. 
OVERALL LOSS IN A STRAIGHT TUNNEL 
The overall loss in signal strength in a straight tunnel is the sum of the propagation loss and the 
insertion losses of the transmitting and receiving antennas. Table V lists the component loss rates 
for the (1 , l )  Eh mode due to  direct refraction, roughness, and tilt; the total propagation loss rate; 
the insertion loss for two half-wave antennas; and the overall loss for five different distances. The 
overall loss for the HH orientation is also shown in Figure 6, where it is seen that the optimum 
frequency for minimum overall loss is in the range 500-1000 MHz, depending on the desired 
communication distance. 
It is also of interest to  combine the results in Table V with those in Table I11 to  obtain the 
overall loss versus distance for the HH, HV (or VH), and VV antenna orientations. In order to  
compare the theoretical values with the experimental data of Collins Radio Co., which are expressed 
with reference to  isotropic antennas, we add 4.3 dB to  the overall loss calculated for half-wave 
dipoles. The theoretical results for the three different antenna orientations for frequencies of 4 15 
MHz and 1,000 MHz are compared with the experimental data in Figures 7 and 8. It is seen that the 
theory agrees quite well with the general trend of the data. 
OVERALL LOSS ALONG A PATH WITH ONE CORNER 
Table VI gives the overall Eh mode loss for a path from one tunnel to  another, including the 
corner loss involved in re-establishing the Eh mode in the second tunnel. The loss is the sum of the 
corner loss, given in column 3 of Table I1 and repeated in Table VI, and the straight tunnel loss 
given in Table V for various total distances. The results in Table VI are for the case of half-wave 
dipole transmitting and receiving antennas and are valid when neither antenna is within about 100 ft 
of the corner. The overall loss is less than the values in Table VI if the receiving antenna is within 
this distance, owing to  the presence of the rapidly attenuating diffuse component that passes 
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around the corner. From the principle of reciprocity, the same is true if the transmitting antenna is 
within 100 ft of the corner. 
The results indicate that the optimum frequency lies in the range 400-1,000 MHz. However, if 
one installs horizontal half-wave resonant scattering dipoles with 45O azimuth in the important 
tunnel intersections, in order to guide the Eh mode around the corner, the optimum may shift to 
somewhat lower frequencies since a greater fraction of the incident Eh wave will be deflected by the 
longer low-frequency dipoles. 
CONCLUSIONS 
The kind of propagation model developed in this paper, involving the (1 , l )  Eh waveguide 
mode accompanied by a diffuse component in dynamical equilibrium with it, seems to be necessary 
to account for the many effects observed in the measurements of Collins Radio Company: the 
exponential decay of the wave; the marked polarization effects in a straight tunnel; the indepen- 
dence of decay rate on antenna orientation; the absence of polarization at the beginning of a cross 
tunnel; the two-slope decay characteristic in a cross tun~nel; and overall frequency dependence. All 
of these effects are moderately well accounted for by the theoretical model. However, considerable 
refinement of the theory could be made by removing some of the present oversimplifications, such 
as: the assumption of perfectly diffuse scattering both in the main tunnel and immediately around a 
comer in a cross tunnel; the use of the "average ray" approximation; and the description of the 
propagation around a corner in terms of two asymptotes only. 
The last item particularly deserves more attention since we have not included the conversion of 
the diffuse component in the transition region near the beginning of the cross tunnel into the Eh 
mode. For this reason we think that the good fit of the tlheory to the experimental data in Figures 4 
and 5 may be somewhat fortuitous. More data at greater distances down a cross tunnel would be 
very desirable to  settle this question. Data covering a wider frequency range in both main and cross 
tunnels would also allow a more stringent test of the theory. 
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FIGURE 7 
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OUTLINE 
OVERVIEW 
BRIEF DESCRIPTION OF THE FOUR PROMISING SYSTEMS 
Uplink-Data 
Downlink-Vo ic e 
Sidelink-Call Alert Coded Page 
Sidelink-Roof Bolt Voice Page 
PRESENT STATUS AND RECOMMENDED FUTURE WORK 
Uplink Data System 
1. Overview 
a. Nominal Mines 
b. Deep Mines 
c. Equipment 
2. The Channel-Transmission Loss 
a. Loops 
b. Parasitic Structures 
c. Grounded Wires 
3. The Channel-Noise 
a. Past Data 
b. NBS Mine Noise Measurements 
c. Whistler and Geomagnetic Data 
d. Data Utilization 
4. The Source-Message, Coding, Modulation, Operating Frequency 
5. The Receiver-Sensor, ~emodulation/~ecoding, Special Processing 
Downlink Voice System 
1. Overview 
a. Experience to Date 
b. Future Developments 
c. Deep Mines 
2. The Channel-Transmission Loss 
a. Long Wire Antennas 
b. Parasitic Structures 
3. The Channel-Noise 
4. The Source-Message, Coding, Modulation, Operating Frequency 
5. The Receiver-Sensor, ~emodulation/~ecoding, Special Processing 
a. Downlink 
b. Uplink 
Sidelink Call Alert Coded Page System 
1. Overview 
2. The Channel-Transmission Loss 
a. Loops 
b. Parasitic Structures 
c. Roof Bolts 
3. The Channel-Noise 
4,5. The Source and Receiver 
Sidelink Roof Bolt Voice Page System 
1. Overview 
2. The Channel-Transmission Loss 
a. Finite Wire Antenna Terminated by Roof Bolts 
b. Parasitic Structures 
3. The Channel-Noise 
4,5. The Source and Receiver 
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The a t t e n t i o n  of t h i s  group was focuss;ed on four  through-the-earth communi- 
c a t i o n  systems t h a t  are p r e s e n t l y  of high i - n t e r e s t  t o  t h e  U.S. Bureau of Mines; 
f o u r  systems f o r  p rovid ing  operational/emergency communications on t h e  working 
s e c t i o n s  of c o a l  mines,  indeed up t o  t he  ve,ry f a c e  of t h e  s e c t i o n .  The sys  t e rn  
a r e :  upl ink-data ,  downlink-voice, s i d e l i n k - c a l l  a l e r t  coded page, s ide l ink- roof  
b o l t  vo ice  page. Each of t he se  s y s t e m  makes use of t h e  mine overburden a s  t he  
s i g n a l  t ransmiss ion  medium, a s  opposed t o  t h e  guiding w i r e s ,  c ab l e s ,  and tunne ls  
t r e a t e d  by t h e  o p e r a t i o n a l  communications working group. Each of t he se  systems 
s a t i s f i e s  one o r  more of t h e  Bureau's o b j e c t i v e s  f o r  mine communications systems;  
namely 
r e l i a b l e  l i n k s  f o r  monitor ing the  mine environment under both 
o p e r a t i o n a l  and emergency cond i t i ons .  
r e l i a b l e  l i n k s  f o r  communicating wi th  miners dur ing  emergencies. 
s p e c i a l  l i n k s  f o r  i n c r e a s i n g  t h e  e f f i c i e n c y  of day-to-day opera t ions  
of t he  mine. 
Each of t he se  systems has  been s u c c e s s f u l l y  demonstrated on a l i m i t e d  experimental  
b a s i s ,  and pro to types  of a l l  t he se  systems a r e  i n s t a l l e d  and ope ra t i ng  i n  t h e  
USBM experimental  mine i n  Bruceton, Pa. Each of t he se  systems must now be o p t i -  
mized r ega rd ing  i t s  performance, and engineered f o r  p r a c t i c a l  r o u t i n e  a p p l i c a t i o n  
t o  t h e  working s e c t i o n s  of a c t u a l  ope ra t i ng  c o a l  mines, p a r t i c u l a r l y  those of t he  
room and p i l l a r  type .  
This op t imiza t ion  and engineer ing  must t ake  p l ace  s u b j e c t  t o  t he  p r i n c i p a l  
c o n s t r a i n t s  l i s t e d  by Howard E. Parkinson i n  h i s  Workshop paper e n t i t l e d ,  "Ob jec- 
t i v e s  and Cons t r a in t s  of Through-the-Earth Electromagnet ic  Communications systems1' 
and enumerated below. 
a Depth of Mine Overburden 
Overburden Conductivity 
a Electromagnet ic  Noise I n  and Above Mines 
Limited In-Mine E l e c t r i c a l  Energy (S t a t i ona ry  o r  Xan Carr ied)  During 
an Emergency 
I n t r i n s i c  Sa fe ty  f o r  In-Mine Equipment 
P r a c t i c a l  and Rugged Equipment f o r  Use Under Both ope ra t i ona l /  
Emergency ~ o n d i  t o n s  
Severe Weight L imi t a t i ons  f o r  Man Carrried Equipment 
Reasonably Low Costs Espec i a l l y  f o r  Man Carr ied  Equipment 
P a r t  I1 of t h i s  paper provides  a b r i e f  d e s c r i p t i o n  of each system, whi le  P a r t  111 
summarizes t h e  p re sen t  s t a t u s  of developments r e l a t e d  t o  t he se  systems and some 
recommendations f o r  f u t u r e  work needed t o  advance these  systems t o  t h e  p r a c t i c a l  
a p p l i c a t i o n  s t age .  
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BRIEF DESCRIPTION OF THE FOUR PROMISIIJG SYSTEMS 
This  i s  a  v e r t i c a l  through-the-ear th  narrow band d a t a  channel  f o r  moni to r ing  
impor tan t  pa ramete rs  of  t h e  mine environment under o p e r a t i o n a l  and emergency con- 
d i t i o n s ,  and f o r  r e c e i v i n g  coded messages o r  r e p l i e s  from miners  d u r i n g  a n  
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emergency. Opera t ing  ranges  compat ib le  w i t h  1 ,000  f o o t  deep mines w i t h  o = 10 
mho/m overburden a r e  r e q u i r e d .  The in-mine t r a n s m i t t e r  would b e  l o c a t e d  a t  a  key 
p l a c e  on t h e  s e c t i o n ,  such a s  t h e  l o a d i n g  p o i n t ,  where t h e  p r e s e n t  mine pager 
phone i s  a l s o  t e rmina ted .  The s u r f a c e  r e c e i v e r  would have t o  be  l o c a t e d  i n  t h e  
v i c i n i t y  of t h e  p o i n t  d i r e c t l y  above t h e  in-mine t r a n s m i t t e r ,  p r i m a r i l y  because  
of t h e  i n h e r e n t  power l i m i t a t i o n s  imposed on an in-mine t r a n s m i t t e r  d u r i n g  a n  
emergency. Th is  l o c a t i o n  requirement  f o r  t h e  s u r f a c e  r e c e i v e r  may pose  a  d i f f i -  
c u l t y  f o r  some mines w i t h  r e g a r d  t o  s u r f a c e  a c c e s s  r i g h t s  over  advancing s e c t i o n s ,  
and t h e r e f o r e  may r e s t r a i n  such u p l i n k  communications t o  emergency s i t u a t i o n s  
d u r i n g  which mobi le  equipment can be  t e m p o r a r i l y  i n s t a l l e d  over  t h e  known l o c a t i o n  
o f  t h e  in-mine t r a n s m i t t e r .  During normal mine o p e r a t i o n s ,  t h e  mine environmental  
d a t a  cou ld  be  monitored by means of  a  c a r r i e r  channe l  over  t h e  mine pager phone 
l i n e .  
The l i m i t e d  in-mine t r a n s m i t t e r  power a v a i l a b l e  d u r i n g  a n  emergency and t h e  
e l e c t r o m a g n e t i c  n o i s e  l e v e l s  p r e s e n t  on t h e  s u r f a c e  have l e d  t o  t h e  conc lus ion  
t h a t  u p l i n k  t r a n s m i s s i o n  of baseband v o i c e  i s  n o t  a  p r a c t i c a l  goa l .  There fore  
i t  h a s  been d e l e t e d  a s  a  requ i rement  u n t i l  p r a c t i c a l ,  v o i c e  bandwidth co~npress ion  
t echn iques  o r  o t h e r  t y p e s  of s i g n a l  p r o c e s s i n g  become a v a i l a b l e  t o  change t h i s  
conc lus ion .  
Downlink-Voice 
This  i s  a  v e r t i c a l  through-the-ear th  v o i c e  channe l  f o r  t r a n s m i t t i n g  messages,  
d u r i n g  a  mine emergency, t o  miners  c a r r y i n g  a  s m a l l  emergency v o i c e  r e c e i v e r ,  
p r e f e r a b l y  b u i l t  i n t o  t h e i r  he lmets .  A s  i n  t h e  c a s e  of t h e  u p l i n k  r e c e i v e r ,  
d i f f i c u l t i e s  r e g a r d i n g  s u r f a c e  a c c e s s  r i g h t s  over  advancing s e c t i o n s  may r e q u i r e  
a  mobi le  s u r f a c e  t r a n s m i t t e r  i n s t a l l a t i o n  t h a t  is  t e m p o r a r i l y  i n s t a l l e d  orlly 
d u r i n g  emergencies .  However, s i n c e  t h e  t r a n s m i t t e r  power a v a i l a b l e  on t h e  s u r -  
f a c e  i s  much g r e a t e r  than  t h a t  underground d u r i n g  a n  emergency, t h e  downlink 
a l l o w s  g r e a t e r  o p e r a t i o n a l  f l e x i b i l i t y  i n  communicating w i t h  moving miners ,  and 
may reduce  t h e  s u r f a c e  a c c e s s  r i g h t s  problem somewhat, because  of t h e  poten- 
t i a l l y  g r e a t e r  coverage a r e a  of  each s u r f a c e  t r a n s m i t t e r .  A s  i n  t h e  u p l i n k  c a s e ,  
o p e r a t i n g  r a n g e s  compat ib le  w i t h  1 ,000  f o o t  deep mines w i t h  o = mho/m 
overburden are r e q u i r e d .  
S i d e l i n k - C a l l  A l e r t  Coded Page 
This  i s  a  h o r i z o n t a l  through-the-ear th  narrow band channel  f o r  t r a n s m i t t i n g  
a  c a l l  a l e r t  pag ing  s i g n a l  t o  key i n d i v i d u a l s  rovirig on a  working s e c t i o n  d u r i n g  
normal mine o p e r a t i o n s ,  t o  n o t i f y  them t h a t  they  a r e  wanted on t h e  mine pager 
phone. The t r a n s m i t t e r ,  a c t i v a t e d  by a  s i g n a l  s e n t  over  t h e  mine phone l i n e ,  
would be  somewhat c e n t r a l l y  l o c a t e d  n e a r  t h e  s e c t i o n  l o a d i n g  p o i n t  a s  i n  t h e  
u p l i n k  system,  and conce ivab ly  could  b e  i n t e g r a t e d  w i t h  t h e  u p l i n k  equipment i f  
d e s i r e d .  The r e c e i v e r s  would b e  c a r r i e d  by t h e  miner ,  p r e f e r a b l y  i n  h i s  helmot 
a s  i n  the  c a s e  of t h e  emergency v o i c e  r e c e i v e r  f o r  t h e  downlink system. f a c t  
t h e  Bureau 's  p r e s e n t  d e s i r e  i s  t o  have t h i s  emergency v o i c e  r e c e i v e r  s e r v e  a 
d u a l  r o l e ,  f o r  key s u p e r v i s o r y  and maintenance peop le ,  by a l s o  o p e r a t i n g  a s  a 
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narrowband c a l l  a l e r t  r e c e i v e r  under normal o p e r a t i n g  c o n d i t i o n s .  Such a  c a l l  
a l e r t  sys tem would extend mine phone pag ing  t o  r o v i n g  i n d i v i d u a l s  r i g h t  up t o  
t h e  working f a c e ,  the reby  i n c r e a s i n g  b o t h  s a f e t y  and o p e r a t i o n a l  e f f i c i e n c y .  
Th i s  would r e q u i r e  o p e r a t i n g  r a n g e s  on t h e  o r d e r  of 400 t o  800 f e e t  i n  overbur-  
dens  o f  o = l o w 2  mho/m i n  o r d e r  t o  cover  a  t y p i c a l  600 by 600 f o o t  s e c t i o n ,  
depending on t h e  l o c a t i o n  of  t h e  t r a n s m i t t e r .  
Sidelink-Roof B o l t  Voice Page 
Th i s  i s  a h o r i z o n t a l  through- the-ear th  v o i c e  channe l  f o r  t r a n s m i t t i n g  a  more 
comprehensive v o i c e  message o r  page,  a s  opposed t o  a  s i m p l e  c a l l  a l e r t ,  t o  key 
i n d i v i d u a l s  r o v i n g  on a  working s e c t i o n  d u r i n g  normal o p e r a t i n g  c o n d i t i o n s .  A s  
i n  t h e  c a l l  a l e r t  sys tem t h e  t r a n s m i t t e r  could  a l s o  b e  l o c a t e d  a t  t h e  s e c t i o n  
l o a d i n g  p o i n t ,  t h e r e b y  r e q u i r i n g  t h e  same o p e r a t i n g  range  a s  t h e  c a l l  a l e r t  
sys tem.  However i t  most l i k e l y  would n o t  s h a r e  equipment w i t h  an  u p l i n k  sys tem 
a s  a  c a l l  a l e r t  sys tem might .  Being a  v o i c e  bandwidth sys tem f o r  use  under 
o p e r a t i o n a l  c o n d i t i o n s  when e l e c t r o m a g n e t i c  n o i s e  l e v e l s  a r e  h i g h ,  p a r t i c u l a r l y  
i n  t h e  a u d i o  band,  a  s i g n i f i c a n t l y  h i g h e r  o p e r a t i n g  f requency than t h a t  p o s s i b l e  
f o r  a  narrowband c a l l  a l e r t  o r  u p l i n k  sys tem i s  favored .  The r e c e i v e r  f o r  t h e  
roof  b o l t  pag ing  sys tem i s  p r e s e n t l y  conceived a s  a  pocke t - s i zed  u n i t ,  b u t  
o t h e r  packages such a s  a  helmet  mounted u n i t  a r e  n o t  excluded.  
PRESENT STATUS AND RECOMMENDED FUTURE WORK 
To a r r i v e  a t  a  d e s i g n  t h a t  i s  a t  l e a s t  a c c e p t a b l e ,  i f  n o t  optimum, 
r e g a r d i n g  performance and p r a c t i c a l i t y  f o r  any of t h e  above communication sys -  
tems,  one u s u a l l y  must f i r s t  de te rmine  how each of t h e  major e l ements  compris ing 
t h e  sys tem i n f l u e n c e  i t s  performance,  and then u s e  them s o  a s  t o  g e t  t h e  d e s i r e d  
r e s u l t s .  An o f t e n  i n d i s p e n s i b l e  a i d  t o  t h i s  p r o c e s s ,  p a r t i c u l a r l y  when d e s i g n  
i n f o r m a t i o n  f o r  one o r  more of t h e  major sys tem elements  i s  m i s s i n g ,  i s  t o  p u t  
t o g e t h e r  a  breadboard sys tem based on e x i s t i n g  r e l a t e d  hardware and t r y  i t  o u t .  
S e v e r a l  of  t h e  above through- the-ear th  s y s  tems have evo lved ,  w i t h  b e n e f i c i a l  
r e s u l t s ,  from t h e  l a t t e r  approach.  Concur:rently,  some of  t h e  p r e v i o u s l y  
m i s s i n g  d e s i g n  i n f o r m a t i o n  on t r a n s m i s s i o n  l o s s  and n o i s e  h a s  been accumulated.  
T h e r e f o r e ,  i t  w i l l  now b e  p o s s i b l e  t o  b e t t e r  op t imize  each  of  t h e s e  sys tems by 
q u a n t i t a t i v e  a n a l y s i s  and comparison o f  a l t e r n a t i v e  d e s i g n s .  
No p a p e r s  e v a l u a t i n g  o r  d e s c r i b i n g  an:y of t h e  above through- the-ear th  s y s -  
tems were p r e s e n t e d  d u r i n g  t h e  Workshop. However, s e v e r a l  papers  t r e a t i n g  two 
major sys tem e l e m e n t s ,  channe l  t r a n s m i s s i o n  l o s s  and n o i s e ,  were g iven.  These 
and some p a s t  work by t h e  a t t e n d e e s  of  t h i s  working group provided t h e  b a s i s  
f o r  t h e  g r o u p ' s  f i n d i n g s  and recommendations. We grouped t h e  sys tem e lements  a s  
f o l l o w s  : 
The Source:  i t s  message, modula t ion o r  cod ing ,  t r a n s m i t t e r ,  and 
o p e r a t i n g  f requency .  
The Channel: i t s  t r a n s m i s s i o n  l o s s  f o r  each an tenna  t y p e ,  and i t s  
n o i s e  c h a r a c t e r i s t i c s .  
The Rece ive r :  i t s  p i c k  up s e n s o r ,  demodulat ion/decoding,  and 
s p e c i a l  p r o c e s s i n g  f o r  s i g n a l  t o  n o i s e  improvement. 
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These elements were then d iscussed  i n  t h e  contex t  of each of t h e  f o u r  systems 
t o  t h e  l e v e l  of d e t a i l  t h a t  was p o s s i b l e  under t h e  circumstances.  The o rde r  
of t rea tment  f o r  each system w i l l  be  Channel, Source,  and Receiver ,  which 
mainly r e f l e c t s  t h e  emphasis of t h i s  Workshop's c h a r t e r  and papers .  Progress  
made t o  d a t e  i n  t h e  Channel a r e a  should now al low more emphasis t o  b e  p laced  on 
o v e r a l l  system design and a n a l y s i s ,  thereby c a l l i n g  g r e a t e r  a t t e n t i o n  t o  t h e  
Source and Receiver a r e a s .  
I n  t h e  d i s cus s ions  below, t h a t  f o r  t h e  upl ink system is somewhat longer  than 
t h e  o t h e r s ,  because c e r t a i n  elements t h a t  have common a p p l i c a t i o n  t o  s e v e r a l  of 
t h e  systems a r e  f i r s t  in t roduced  i n  t h e  up l ink  t rea tment .  
Uplink Data System 
This s e c t i o n  t r e a t s  t h e  p r i n c i p a l  narrowband d a t a  up l ink  a p p l i c a t i o n .  The 
more d i f f i c u l t ,  less p r a c t i c a l  up l ink  vo i ce  a p p l i c a t i o n  i s  t r e a t e d  b r i e f l y  i n  
t h e  downlink vo ice  s e c t i o n .  
1. Overview 
To d a t e  t h e  combination of overburden t ransmiss ion  l o s s  and a v a i l -  
a b l e  s u r f a c e  n o i s e  d a t a  have i d e n t i f i e d  t h e  frequency band below 5 kHz as  t h e  
most f avo rab l e  f o r  p r a c t i c a l  narrow band upl ink d a t a  systems intended f o r  coa l  
mines w i th  overburden depths  of up t o  1,000 f e e t  and conduct iv i ty  of 0 = 
l om2  mho/m. Though shal lower mines al low a somewhat h ighe r  frequency l i m i t ,  
and more conduct ive ( 0  = 10-1 mho/m) o r  deeper mine overburdens demand a s i g n i -  
f i c a n t l y  lower frequency l i m i t ,  t h e  under 5 kHz l i m i t  should cover most c o a l  
mine s i t u a t i o n s .  
a .  Nominal Mines 
S igna l  t o  n o i s e  ana lyses  performed by Wes t inghouse Georesearch Labor- 
a t o r y  (WGL) suppor t  t h i s  under 5 kHz conclusion f o r  lo-' mho/m overburdens,  wh i l e  
a l s o  i d e n t i f y i n g  t h e  frequency band between 500 Hz-to-3 kHz a s  a d i s t i n c t l y  
optimum one f o r  narrowband systems. The WGL analyses  were based on W ~ ~ ~ / W G L  
t ransmiss ion  l o s s  curves f o r  loop t r a n s m i t t e r s  and broadband atmospheric no i se  
d a t a  (under 10 kHz) taken by WGL i n  Colorado. S igna l  t o  n o i s e  ana lyses  per- 
formed by Arthur  D. L i t t l e ,  I nc .  (ADL) reach a s i m i l a r  under 5 kHz o v e r a l l  
conclusion,  b u t  do n o t  r e v e a l  t h e  presence of an optimum frequency band a s  d i s -  
t i n c t  a s  t h e  one by WGL. The ADL analyses  were based on the  same t ransmiss ion  
l o s s  curves of Wait/WGL, b u t  d i f f e r e n t  broadband n o i s e  d a t a ,  namely s u r f a c e  atmos- 
p h e r i c  n o i s e  d a t a  (under 300 Hz) taken by MIT Lincoln Laboratory (LL) i n  F l o r i d a  
and e a r l y  WGL and Nat iona l  Bureau of Standards (NBS) s u r f a c e  n o i s e  d a t a  (under 
10 k ~ ~ )  taken over four  Western coa l  m,ines. The d i f f e r e n c e s  i n  t he  r e s u l t s  of 
t h e  two ana lyses ,  regarding t h e  presence o absence of a c l e a r l y  optimum f r e -  -5 quency band between 500-3000 Hz f o r  a = 10 mho/m overburdens (based on broad- 
band n o i s e  l e v e l s )  should be ea s i l y  resolved when the  l a r g e  amount of n o i s e  d a t a  
r e c e n t l y  taken over  coa l  mines by NBS soon becomes a v a i l a b l e .  However, WGL and 
NBS f i e l d  experiences  have revealed a p o t e n t i a l l y  more s e r i o u s  n o i s e  problem 
t h a t  may tend t o  favor  use of f requenc ies  between 1-5 kHz over coa l  mines, 
namely t h e  extremely s t rong  harmonics of 60 Hz and 360 Hz caused by t h e  mine 
power conversion equipment, harmonic l e v e l s  t h a t  a r e  high enough i n  some cases  
t o  i n t e r f e r e  with even narrowband systems opera t ing  between the  harmonics. 
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b .  Dee~ Mines 
For mines w i t h  overburdens deeper  than  1,000 f e e t  (such a s  hardrock mines) 
o r  c o n d u c t i v i t i e s  g r e a t e r  than  loe2  mho/m, i t  is  gene ra l l y  agreed t h a t  ope ra t i ng  
f requenc ies  w i l l  d e f i n i t e l y  b e  fo r ced  downward t o  perhaps 500 Hz o r  100 Hz. I n  
some extremely deep hardrock mines t h a t  approach 10,000 f e e t ,  l a v e r  f r equenc i e s  
y e t  may be  needed i f  d i r e c t  t ransmiss ion  t o  t h e  s u r f a c e  is  r equ i r ed .  The favor-  
a b l e  downlink s i g n a l  t ransmiss ion  t e s t  r e s u l t s  t o  depths  of  11,000 f e e t  achiev-  
ed wi th  under 100 w a t t s  by Sandia  Labo ra to r i e s ,  us ing Develco, Inc .  equipment a t  
f requenc ies  below 20 Hz, should b e  c a r e f u l l y  eva lua t ed  and e x p l o i t e d  i f  such 
depths  become impor tan t  t o  t h e  Bureau. However, i t  should b e  kep t  i n  mind t h a t  
such a downlink t ransmiss ion  test  has  t h e  advantages of power and l a r g e  antenna 
s i z e  on t h e  s u r f a c e ,  and a r e l a t i v e l y  n o i s e  f r e e  underground r e c e i v e r ,  which i s  
t h e  converse of t h e  mine up l ink  problem. 
c .  Equipment 
An exper imenta l  p ro to type  up l ink  d a t a  moni tor ing system has  been b u i l t  by 
WGL f o r  t h e  Bureau. It ope ra t e s  a t  designat:ed f r equenc i e s  between 3-5 kHz, 
u t i l i z e s  PM/FSK modulation, a loop t r ansmi t . t e r  an tenna ,  and is p r e s e n t l y  i n -  
s t a l l e d  i n  t h e  ~ u r e a u ' s  exper imenta l  mine i n  Bruceton, Pa. S imi l a r  exper imenta l  
equipment t h a t  i l l u s t r a t e s  t h e  f e a s i b i l i t y  of up l i nk  d a t a  t ransmiss ion ,  even 
wi th  l i m i t e d  a v a i l a b l e  power, has  a l s o  been b u i l t  by WGL f o r  miner l o c a t i o n  
a p p l i c a t i o n s .  An example is  t h e  keyed CW e lec t romagnet ic  t r a n s m i t t e r  f o r  miner 
l o c a t i o n  which u t i l i z e s  a one t u r n ,  360 f o o t  per iphery  loop and t h e  miner ' s  
4-volt cap lamp b a t t e r y  t o  gene ra t e  a magnetic moment of about 2,000 ampere- 
meters2- a t  2 kHz. Detec t ion  ranges  i n  excess  of 1,000 f e e t  have been ob ta ined  
a t  s e v e r a l  mine si tes us ing  t h i s  and s i m i l a r  u n i t s ,  a s  r epo r t ed  dur ing  t h i s  
Workshop. I; should b e  noted t h a t  t h e  approximately 80 f o o t  overburden a t  t h e  
USBM exper imenta l  mine i s  n o t  considered by t h e  Bureau a s  be ing  t y p i c a l  of t h a t  
found over ope ra t i ng  mines. 
A mul t ichanne l  up l i nk  d a t a  system of p r a . c t i c a1  des ign  s u i t e d  f o r  i n s t a l l a -  
t i o n  and test i n  an ope ra t i ng  c o a l  mine w i t h  up t o  1,000 f e e t  of overburden 
w i l l  soon b e  needed. The b a s i c  moni tor ing requirements  of t h e  in-mine s t a t i o n  
a r e  now be ing  formulated,  s o  t h a t  an  ove ra l l  up l ink  d a t a  communication system 
can then  b e  designed and opt imized f o r  t h e  ope ra t i ng  cond i t i ons  of t h i s  mine. 
2. The Channel-Transmission Loss 
Uplink communications t o  d a t e  have p r imar i l y  u t i l i z e d  loop sou rce  antennas 
of v e r t i c a l l y  o r i e n t e d  magnetic moment. These have cons i s t ed  t y p i c a l l y  of one 
t u r n  loops (up t o  500 f o o t  per iphery)  wrapped around one o r  two c o a l  p i l l a r s ;  
and l e s s  f r e q u e n t l y  a s m a l l e r  one t u r n  loop (up t o  100 f o o t  pe r iphe ry )  p laced  
i n  an e n t r y .  Such loops have been p r e f e r r e d  over  long w i r e  antennas f o r  in -  
mine i n s t a l l a t i o n s  because of  t h e i r  lower i n p u t  r e s i s t a n c e ,  f i xed  impedance 
c h a r a c t e r i s t i c s  over  t ime,  and convenience of i n s t a l l a t i o n  and maintenance i n  
t h e  adverse  mine environment. The p r i m a r i l y  v e r t i c a l  magnetic f i e l d s  produced 
by v e r t i c a l  a x i s  loops can a l s o  o f f e r  a s i g n a l  t o  n o i s e  advantage on t h e  su r -  
f a c e  i n  some c a s e s ,  depending on t h e  sou rce s  of t h e  n o i s e ,  i .e .  n a t u r a l  o r  man- 
made. 
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The t h e o r e t i c a l  r e s u l t s  of W a i t  and ITS, regarding the  f i e l d  s t r e n g t h s  
expected on t h e  s u r f a c e  from i n f i n i t e s i m a l  loops of moment NIA placed i n  homo- 
genous and layered  conducting overburdens, are w e l l  e s t ab l i shed  and have been 
found t o  be  i n  good agreement wi th  experimental  da t a  obtained by WGL and Color- 
ado School of Mines (CSM) a t  s e v e r a l  mine s i t e s .  For t h e  l a r g e  overburden 
depths of i n t e r e s t  and s i z e s  of corresponding loops requi red ,  t he  s impl i fy ing  
i n f i n i t e s i m a l  loop assumptions apply. Furthermore it has been shown by Wait 
and ITS t h a t  t y p i c a l  conducting o b s t a c l e s ,  such as  p ipes ,  and inhomogeneities 
found i n  t h e  t ransmission path t o  t h e  s u r f a c e  should produce only s m a l l  e f f e c t s  
on t h e  r e s u l t a n t  magnetic f i e l d  seen a t  t h e  s u r f a c e  f o r  t he  under 5 kHz band 
of i n t e r e s t .  WGL and ITS have a l s o  shown t h a t  t h e  e f f e c t s  of s u r f a c e  topo- 
graphy on t h e  r e s u l t a n t  s u r f a c e  f i e l d  a r e  a l s o  smal l .  Consequently t hese  
e f f e c t s  can l a r g e l y  b e  ignored f o r  communications a p p l i c a t i o n s ,  a s  opposed t o  
l o c a t i o n  app l i ca t ions  where some of the  e f f e c t s  can t ake  on g r e a t e r  importance 
i n  some cases .  
Therefore i t  was concluded t h a t  no new t h e o r e t i c a l  de r iva t ions  were 
requi red  on upl ink  t ransmission l o s s  f o r  loop t r a n s m i t t e r s ;  bu t  t h a t  appropr ia te  
curves,  t a b l e s ,  nomographs, e t c . ,  based on t h e  a v a i l a b l e  t h e o r e t i c a l  r e s u l t s  
should b e  prepared,  as an a i d  t o  upl ink  systems designers  who d e s i r e  t o  apply 
the  theory t o  t y p i c a l  mine overburdens. Included i n  t hese  design a i d s  should 
b e  curves t h a t  show t h e  a d d i t i o n a l  amount of s i g n a l  l o s s  s u f f e r e d  a s  t h e  ho r i -  
zon ta l  displacement between s u r f a c e  and in-mine loops is  increased .  This w i l l  
h e l p  determine t h e  s u r f a c e  coverage ob ta inab le  from a s i n g l e  in-mine loop. 
b .  P a r a s i t i c  S t ruc tu re s  
A l l  of t h e  above r e s u l t s  apply f o r  cases  i n  which no l a r g e  closed loops 
of w i r e ,  cab le ,  o r  steel roof mesh a r e  c lo se  enough t o  t h F f i n i t e ,  r e l a t i v e l y  
l a r g e ,  in-mine t r a n s m i t t e r  loops t o  al low s i g n i f i c a n t  c u r r e n t s  t o  b e  induced 
i n  t h e s e  p a r a s i t i c  s t r u c t u r e s ,  which i n  t u r n  might reduce the  e f f e c t i v e  s t r e n g t h  
o r  f i e l d  of t h e  t ransmi t  loops. The l i ke l ihood  of encounter ing p a r a s i t i c  s t r u c t u r e s  
on working s e c t i o n s  i s  high,  bu t  t h e  degree t o  which they  could adverse ly  
a f f e c t  system performance, has  not  been a sce r t a ined .  Since t h i s  may be  a poten- 
t i a l  problem t o  both  the  upl ink  d a t a  system and the  c a l l  a l e r t  page system t o  
b e  discussed below, t h e  p r a c t i c a l  i n f luence  of such s t r u c t u r e s  needs t o  be  
assessed .  However, u n t i l  t h a t  i s  done, upl ink o r  c a l l  a l e r t  system t ransmi t  
loops should b e  i n s t a l l e d  away from such s t r u c t u r e s  a s  steel roof mesh, t r o l l e y  
l i n e s ,  and probably power cab le s ,  s i n c e  t h e  e f f e c t s  of t h e i r  presence w i l l  de- 
c r ease  wi th  i n c r e a s i n g  sepa ra t ion .  
c. Grounded Wires 
L a s t l y ,  should the re  be a renewed i n t e r e s t  i n  comparing the  performance 
of a loop source  upl ink  system with t h a t  f o r  a grounded f i n i t e  s t r a i g h t  w i r e  
source t h a t  u t i l i z e s  a wi re  terminated by a roof b o l t  ground rod a t  each end, 
ITS has  derived expressions and curves f o r  t he  magnetic f i e l d  produced on the  
su r f ace  by such a bur ied  f i n i t e  wi re  source.  The r e s u l t s  apply t o  the  case  
of t h e  wire  i n c l i n e d  a t  an a r b i t r a r y  tilt angle  t o  t h e  h o r i z o n t a l  i n  a hmo- 
geneous overburden. They show t h a t  smal l  tilt angles  made by the  wire  wi th  a 
f l a t  o r  h i l l y  s u r f a c e  do n o t  in f luence  the  magnitude of t h e  s u r f a c e  f i e l d .  
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3. The Channel-Noise 
a .  P a s t  Data 
Up u n t i l  t h i s  y e a r  very l i t t l e  good n o i s e  d a t a  p e r t i n e n t  t o  c o a l  mine 
environments,  underground o r  on t h e  s u r f a c e ,  were a v a i l a b l e  f o r  making compre- 
hens ive  systems ana ly se s  o r  op t imiz ing  up1in:k o r  downlink system des igns .  With 
r e s p e c t  t o  n o i s e  l e v e l s  on t h e  s u r f a c e ,  t h e  ELF n o i s e  measurements made by 
Linco ln  Laboratory f o r  t h e  Navy were t h e  most u s e f u l  below 300 Hz, even though 
no t  t aken  over  c o a l  mines, b u t  i n  F l o r i d a  and o t h e r  p a r t s  of t h e  world.  B e t -  
ween 300 Hz and 5 kHz t h e  s u r f a c e  n o i s e  d a t a  were even more s p a r s e ,  c o n s i s t i n g  
of l i m i t e d  atmospheric  n o i s e  measurements taken by WGL i n  Colorado, and l i m i t e d  
n o i s e  measurements conducted by NBS and WGL a t  a few c o a l  mines,  
These s u r f a c e  d a t a  were n o t  considereld adequate ,  because i t  was sus -  
pec ted  t h a t  t h e  predominant sources  of bo th  broadband and d i s c r e t e  frequency 
n o i s e  on t h e  s u r f a c e  over  c o a l  mines would b e  man-made, s i n c e  mines were such 
l a r g e  power consumers and/or  l o c a t e d  n e a r  i n d u s t r i a l i z e d  a r e a s .  Though broad- 
band atmospheric  n o i s e  would probably p l ay  am impor tan t  r o l e ,  broadband n o i s e  
l e v e l s  produced on t h e  s u r f a c e  by t h e  mine equipment, and by poor ly  maintained 
r u r a l  h igh  v o l t a g e  power l i n e s ,  were viewed as having a p o t e n t i a l l y  g r e a t e r  i n -  
f l uence  a t  a l o c a l  mine s i t e ,  excep t  i n  t h e  case  of l o c a l  thunderstorms. More 
impor t an t l y ,  even less d a t a  were a v a i l a b l e  oma t h e  in-mine n o i s e  environment 
f o r  t h e  des ign  of downlink and in-mine systems. 
b .  NBS Mine Noise Measurements 
The re fo re ,  dur ing  t h i s  p a s t  y e a r ,  NBS conducted a major n o i s e  measure- 
ment e f f o r t  f o r  t h e  Bureau of Mines i n  an a t tempt  t o  c h a r a c t e r i z e  i n  a p r a c t i c a l  
manner t h e  e l ec t romagne t i c  n o i s e  environment i n  and above s e v e r a l  " represen ta -  
t i v e "  c o a l  mines. Data h a s  been taken  a t  a 600 v o l t  a l l  DC c o a l  mine; a c o a l  
mine w i th  300 VDC r a i l  hau lage  and s h u t t l e  c a r s ,  and AC f a c e  machinery and 
b e l t  hau lage ;  a 300 v o l t  DC longwal l  mine w i th  AC hau lage ;  and a hardrock  AC 
mine w i th  d i e s e l  haulage.  The measurments encompass ope ra t i ng  and q u i e t  con- 
d i t i o n s  f o r  d i f f e r e n t  machines, l o c a t i o n s ,  power c e n t e r s  and boreholes  , i n  work- 
i n g  s e c t i o n s ,  haulageways and on t h e  s u r f a c e .  Some of t h e s e  n o i s e  d a t a  have 
a l r e a d y  been processed  and made a v a i l a b l e ,  w i th  t h e  remainder t o  become a v a i l -  
a b l e  w i t h i n  t h e  nex t  s i x  months. 
In-mine measurements have inc luded  wideband record ings  from 100 Hz 
t o  300 kHz of t h r e e  magnetic f i e l d  components, and of  vo l t ages  on te lephone  l i n e s ,  
t r o l l e y  l i n e s ,  and roof b o l t s ;  from which n o i s e  power s p e c t r a  a r e  be ing  genera ted .  
I n  a d d i t i o n ,  narrowband ( 2 kHz) s p o t  frequency record ings  were made a t  e i g h t  f r e -  
quencies  cover ing  t h e  10 kHz t o  32 MHz band, of t h r e e  magnetic f i e l d  components; 
from which n o i s e  ampli tude p r o b a b i l i t y  d i s  tryibutions (APD ' s )  a r e  be ing  genera ted .  
On t h e  s u r f a c e ,  on ly  t h e  components of magnetic f i e l d  a r e  r equ i r ed ,  b u t  over  a 
more r e s t r i c t e d  frequency range ,  because of t h e  lower f r equenc i e s  r equ i r ed  f o r  
up l i nk  systems.  The s u r f  a ce  wideband record:Lngs f o r  gene ra t i ng  s p e c t r a  cover  
100 Hz t o  10 kHz, wh i l e  t h e  narrowband s p o t  frequency record ings  f o r  gene ra t i ng  
APD's cover  f o u r  f r equenc i e s  i n  t h e  10 kHz t o  150 kHz band. 
The pre l iminary  r e s u l t s  now a v a i l a b l e  from t h e s e  NBS n o i s e  measurements 
i n d i c a t e  t h a t  h igh  l e v e l s  of d i s c r e t e  frequency n o i s e  a t  harmonics of 60 Hz 
and 360 Hz gredominate over broadband spectrum l e v e l s  below about  10  kHz, both  i n  
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t h e  mine and on t h e  s u r f a c e ,  wi th  t h e  broadband n o i s e  predominating above about 
15 kHz, and t h e  l e v e l s  of bo th  no i se  types decreas ing  wi th  i nc reas ing  frequency. 
Furthermore, t h e  d i s c r e t e  frequency s u r f a c e  no i se  l e v e l s  a r e  h igh ly  c o r r e l a t e d  
wi th  in-mine l e v e l s  below about 7 kHz, t h e  degree of c o r r e l a t i o n  f a l l i n g  of f  
r a p i d l y  above 7 kHz. Noise l e v e l s  a l s o  have a s t r o n g  dependence on d i s t a n c e  
from power c a b l e s ,  and can vary over dynamic ranges i n  excess of 60 dB. 
c .  Whis t le r  and Geomagnetic Data 
A r e p r e s e n t a t i v e  from Develco, Inc .  s t a t e d  t h a t  "mountains" of a tmospheric  
n o i s e  d a t a  had been taken some yea r s  ago i n  t h e  1-30 kHz frequency band by 
S tanford  Research I n s t i t u t e  wi th  regard t o  i t s  w h i s t l e r  work. Though some of 
t h i s  d a t a  might pos s ib ly  b e  u s e f u l  f o r  t h e  under 5 kHz band of i n t e r e s t ,  h e  
was a l s o  of t h e  opinion t h a t  t h e  d a t a  had not  been analyzed i n  a form convenient 
t o  t h e  up l ink  a p p l i c a t i o n ,  and t h a t  i n  any ca se ,  access  t o  and subsequent under- 
s t and ing  of t h i s  o l d  d a t a  might involve much more d i f f i c u l t y  than any p o t e n t i a l  
b e n e f i t s  would j u s t i f y  . 
A r e p r e s e n t a t i v e  from Univers i ty  of A lbe r t a  claimed t h e  presence of a 
minimum i n  t h e  geomagnetic n o i s e  spectrum between 0.2-8 Hz, wi th  5 Hz perhaps 
be ing  t h e  most f avo rab l e  frequency. Though t h e r e  was some unce r t a in ty  regard- * 
i n g  t h e  l e v e l  of t h i s  no i se  minimum among t h e  Workshop p a r t i c i p a n t s ,  t h i s  c la im 
should b e  checked o u t ,  s i n c e  i t  might b e  worth cons ider ing  f o r  very  deep mines. 
A book by Campbell and Matsushi ta  was given a s  a r e f e r ence .  
d .  Data U t i l i z a t i o n  
It was concluded t h a t  t h e  NBS n o i s e  d a t a  taken t o  d a t e  a t  s i x  c o a l  mines 
and one hard  rock mine, t oge the r  wi th  t he  planned NBS measurements a t  an a l l  
AC c o a l  mine and another  hard  rock mine ,when added t o  p a s t  atmospheric n o i s e  
d a t a  taken below 10 kHz, should provide a s u b s t a n t i a l  d a t a  base  from which 
t h e  des ign  and op t imiza t ion  of mine communications systems can proceed i n  an 
o rde r ly  manner. Therefore ,  i t  was concluded t h a t  no new n o i s e  measurements 
over  and above t h a t  a l ready  planned by NBS were requi red  a t  t h i s  t i m e .  
I n  t h e  under 5 kHz frequency band p re sen t ly  of i n t e r e s t  t o  upl ink d a t a  
systems n o i s e ,  power s p e c t r a  and dubs of s e l e c t e d  NBS t ape  recordings of t h e  
s u r f a c e  n o i s e  w i l l  b e  made a v a i l a b l e  t o  system des igners .  Sur face  d a t a  up t o  
10 kHz w i l l  a l s o  b e  a v a i l a b l e  i f  needed. The upl ink  system des igners  w i l l  
need d a t a  on t h e  l e v e l s  of bo th  d i s c r e t e  frequency and broadband n o i s e  com- 
ponents : broadband spectrum l e v e l s  (and amplitude s t a t i s t i c s  i f  pos s ib l e )  f o r  
opt imizing t h e  coding, modulation, and r e c e i v e r  process ing  f o r  narrowband d a t a  
up l ink ;  and d i s c r e t e  component l e v e l s  f o r  e s t ima t ing  l i k e l y  l e v e l s  of out-of-band 
i n t e r f e r e n c e ,  and ways t o  combat them by choice of ope ra t i ng  f requenc ies  andfor  
r e c e i v e r  s i g n a l  p rocess ing  techniques.  
To b e t t e r  e s t ima te  t he se  no i se  l e v e l s ,  p a r t i c u l a r l y  t he  broadband n o i s e  
l e v e l s  between d i s c r e t e  harmonic components, i t  was recommended t h a t  NBS pro- 
v ide  expanded frequency s c a l e  s p e c t r a ,  covering only t he  0-5 kHz band p e r  
spectrum p l o t ,  a s  opposed t o  t h e  more compressed p l o t s  p r e sen t ly  be ing  pre- 
pared. Spec t ra  f o r  v e r t i c a l  and h o r i z o n t a l  magnetic f i e l d  components on t h e  
s u r f a c e  under bo th  o p e r a t i o n a l  and "quie te r"  emergency condi t ions  w i l l  b e  re-  
qu i red .  Note: t h e s e  0-5 kHz expanded s p e c t r a  w i l l  b e  requi red  no t  only f o r  
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t h e  s u r f a c e  n o i s e  d a t a ,  b u t  a l s o  f o r  t h e  underground d a t a  f o r  use  i n  t h e  des ign  
of c a l l - a l e r t  and baseband-voice -downlink communications f o r  mine s e c t i o n s  . 
Though n o t  d i scussed  i n  t h e  working group, ampli tude s t a t i s t i c s  f o r  t h e  broad- 
band l e v e l s  between harmonics may a l s o  b e  r equ i r ed .  
For deep mine a p p l i c a t i o n s  t h a t  may r e q u i r e  ope ra t i ng  f requenc ies  i n  t h e  
v i c i n i t y  of 100 Hz and below, t h e  p r e s e n t  NBS mine n o i s e  d a t a  down t o  100 Hz 
and t h e  LL atmospheric  n o i s e  d a t a  down t o  about 3  Hz may b e  adequate  f o r  desi,gn- 
i n g  such systems.  The need f o r  a d d i t i o n a l  n o i s e  measurements a t  t h e s e  low f r e -  
quencies  should  b e  c a r e f u l l y  eva lua ted  and j u s t i f i e d  b e f o r e  embarking on such 
a  measurement program, because of t h e  i nc r ea sed  measurement d i f f i c u l t i e s  en- 
countered a t  t h e s e  f r equenc i e s .  
4. The Source - Message, Coding, Modulation, Operat ing Frequency. 
The group agreed t h a t  f i r m  conclusions regard ing  p r e f e r r e d  techniques  f o r  
coding,  modulat ion,  and ope ra t i ng  frequency f o r  a  d a t a  up l ink  w e r e  premature ,  
and could only b e  reached a f t e r  a  d e t a i l e d  o v e r a l l  systems a n a l y s i s .  Such an 
a n a l y s i s  would need t o  cons ider  such t h ings  a s  t h e  a c t u a l  d a t a  message r equ i r e -  
ments,  t h e  bandwidth and power a v a i l a b l e ,  t h e  t ransmiss ion  l o s s ,  c h a r a c t e r i s  t i c s  
of t h e  n o i s e ,  e t c .  Though t h e  frequency band between 1-5 kHz i s  c u r r e n t l y  favor-  
ed ,  based on p a s t  n o i s e  d a t a ,  even t h i s  should  be  re-evaluated i n  t h e  l i g h t  of 
t h e  new and more comprehensive NBS mine n o i s e  d a t a .  
The p r e s e n t  WGL t r a n s m i t t e r s  used f o r  miner l o c a t i o n  u t i l i z e  a  CW s i g n a l  
t h a t  i s  simply keyed on and o f f  w i th  a  t e n  t o  one duty c y c l e ,  t o  keep i t  s imp le ,  
conserve cap lamp b a t t e r y  l i f e ,  and t o  h e l p  d i s t i n g u i s h  i t  from ad j acen t  power 
l i n e  harmonics.  Operat ing f r equenc i e s  a r e  l oca t ed  between t h e  harmonics of 
60 Hz i n  t h e  1-3 kHz band. The p r e s e n t  WGL up l ink  d a t a  system i n s t a l l e d  i n  t h e  
Bureau's exper imenta l  mine u t i l i z e s  PCM/FSK t o  t r a n s m i t  t h e  monitored d a t a ,  and 
ope ra t e s  a t  s e l e c t  channel  f requenc ies  i n  t h e  3400 t o  4500 Hz band, a l s o  p laced  
between 60 Hz harmonics.  The l o c a t i o n  t r a n s m i t t e r  i s  descr ibed  i n  a  Workshop 
paper ,  whereas t h e  p r e s e n t  exper imenta l  up l ink  d a t a  system i s  descr ibed  i n  WGL 
r e p o r t s .  The s p e c i f i c  r e s u l t s  ob ta ined  w i th  t h e s e  systems should  b e  reviewed 
a s  an a i d  t o  f u t u r e  des igns .  
A s  mentioned e a r l i e r ,  t h e  d a t a  requirements  and subsequent  s y s  t e m s  des ign  
have n o t  y e t  been formulated f o r  t h e  up l i nk  d a t a  system t h a t  w i l l  soon b e  develop- 
ed f o r  i n s t a l l a t i o n  i n  an ope ra t i ng  mine. This  system des ign  should  b e n e f i t  from 
t h e  a d d i t i o n a l  n o i s e  d a t a  and f i e l d  exper ience  now a v a i l a b l e .  
5 .  The Receiver  - Sensor ,  ~ e m o d u l a t i o n / ~ e c o d i n g ,  S p e c i a l  Process ing  
A s  f o r  t h e  sou rce ,  f i r m  o v e r a l l  conclusions could n o t  b e  reached,  b u t  
s e v e r a l  sugges t i ons  were made. An e l e c t r o s t a t i c a l l y  s h i e l d e d  and ba lanced  a i r  
core  loop was recommended a s  a  s enso r .  Notch f i l t e r s  were sugges ted  t o  reduce 
i n t e r f e r e n c e  from s t r o n g  harmonics ad j acen t  t o  t h e  channel  f requency.  
The p r e s e n t  WGL l o c a t i o n  r e c e i v e r  u t i l i z e s  s e v e r a l  s t a g e s  of bandpass 
f i l t e r i n g  t o  o b t a i n  a  r e s u l t a n t  bandwidth of 6 Hz. Notches a s  descr ibed  above 
appa ran t l y  have n o t  y e t  been r equ i r ed  a t  t h e  mine s i t e s  v i s i t e d  t o  d a t e .  The 
p re sen t  WGL up l ink  d a t a  system u t i l i z e s  a  phase-locked-loop FSK d e t e c t o r  p r i o r  
t o  decoding. Nei ther  system was d i scussed .  
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L a s t l y ,  MIT Lincoln Laboratory (LL) has  done ex tens ive  s i g n a l  design 
,md non-l inear  r e c e i v e r  process ing  work aimed a t  opt imizing ELF secu re  narrow-- 
.:and d a t a  communications ( f o r  t h e  Navy Sanguine program) i n  t h e  f a c e  of h igh ly  
impulsive ELF atmospheric  n o i s e ,  and occas iona l  d i s c r e t e  power l i n e  components. 
Keductions i n  r equ i r ed  s i g n a l  power of 10-20 dB have been r epo r t ed ,  depending 
u n  t h e  l e v e l  of man-made d i s c r e t e  frequency i n t e r f e r e n c e ,  which apparen t ly  makes 
r h e  techniques l e s s  e f f e c t i v e .  LL has  been coopera t ive  i n  t h e  p a s t  by making 
I t s  n o i s e  d a t a  and sinstrumentation in format ion  a v a i l a b l e  t o  t he  Bureau and i t s  
c o n t r a c t o r s ;  and by r e c e n t l y  o f f e r i n g  sugges t ions  regarding computer s imu la t i on  
of r e c e i v e r  design con f igu ra t i ons  f o r  t e s t i n g  performance i n  t h e  presence of 
environmental no i se .  This  work should b e  reviewed t o  s e e  i f  i t  can b e  appl ied  
t o  t h e  mine p rob lemZin  a p r a c t i c a l  and economic manner, p a r t i c u l a r l y  i n  those  
cases  where t r a n s m i t t e r  power is  a t  a premium and t h e  n o i s e  environment s eve re .  
This  work has  r e c e n t l y  been repor ted  i n  t h e  open l i t e r a t u r e ,  and more ex tens ive-  
l y  i n  LL Technica l  Reports which a r e  a v a i l a b l e  from LL. 
Downlink Voice Sys tem 
1. Overview 
a .  Experience t o  Date 
The o b j e c t i v e  of a downlink emergency voice  system is t o  provide cover- 
age of a s  l a r g e  an a r e a  as p o s s i b l e  t o  mobile miners during an emergency, i n  
mines w i th  nominal overburden c h a r a c t e r i s t i c s  of conduct iv i ty  a = 10-2 mho/rn 
and depths  t o  1,000 f e e t ;  and t o  do t h i s  w i th  a s  few antennas on t h e  s u r f a c e  
a s  p o s s i b l e  w i t h i n  p r a c t i c a l  l i m i t s .  Th is  being the  case ,  t h e  overburden t r ans -  
mission l o s s ,  t h e  "quiet-mine" n o i s e  d a t a  a v a i l a b l e  t o  d a t e ,  and t h e  g r e a t e r  
space and power a v a i l a b l e  on t h e  s u r f a c e ,  have favored d i r e c t  t ransmiss ion  of 
500-3,000 Hz baseband vo ice  s i g n a l s  by means of grounded long w i r e  antennas on 
t h e  s u r f a c e .  Under r e l a t i v e l y  "quiet"  emergency cond i t i ons ,  t h e  p re sen t  system 
designed by WGL wi th  a t r a n s m i t t e r  capac i ty  o f  200 w a t t s ,  has  s u c c e s s f u l l y  t r a n s -  
mi t t ed  i n t e l l i g i b l e  vo ice  messages t o  miners car ry ing  s imple manpack r e c e i v e r s  
t o  depths of about 1,000 f e e t .  Mine overburdens of low conduct iv i ty  w i l l  of 
course extend t h i s  usab le  range ,  wh i l e  deeper o r  more conductive overburdens 
w i l l  qu ick ly  d e t e r i o r a t e  performance o r  r e q u i r e  s i g n i f i c a n t l y  more power. 
The success  experienced under emergency condi t ions  l e d  t o  specu la t i on  
t h a t  such a downlink voice  system could have some b e n e f i c i a l  ope ra t i ona l  appl ica-  
t i o n s  a s  w e l l ,  i f  t h e  s u r f a c e  t r a n s m i t t e r  power and manpack r e c e i v e r  process ing  
demands d i d  n o t  become excess ive .  However system performance was discovered 
t o  b e  even more d rama t i ca l l y  a f f e c t e d  by t h e  in-mine o p e r a t i o n a l  n o i s e  environ- 
ment than by t h e  depth and conduct iv i ty .  Namely, t h e  no i se  l e v e l s  s eve re ly  de- 
t e r i o r a t e d  message i n t e l l i g i b i l i t y  and usable  range,  demanding g r e a t l y  i nc reas -  
ed power t o  maintain performance. This  behavior  Is p red i c t ed  by system ana lyses  
by both ADL and WGL, us ing  e a r l y  NBS and WGL in-mine n o i s e  d a t a ,  and has  been 
confirmed s e v e r a l  t imes i n  ope ra t i ng  mines by WGL. The d e t e r i o r a t i o n  occurs  
mainly because of t h e  high l e v e l s  r ) f  60 Hz and 360 Hz  harmonic^ produced by t h e  
mine machine rq and DC p3we.,- cc1nve:r:; i on  ttqtiip-nen t , ant1 l e s s  o f  t e n  by t.he broadband 
impulsiT7rz rllsisr! -1ear a r c i n g  t r o l l e y s  , 2-eve]-:; t h a t  can va;yr 1-1ver a dynamic range 
i n  e r c e s s  of 60 33 depending on locat ic>n and machj-nery opt.-rzting cyc l e s .  R-r 
app1;;ing simp1.c: -oz rec t ive  measures :such 5s varying t h e  o r i e n t a t i o n  of t he  Tan- 
pack r e  z e i - ~ e r  antenna f o r  minimum no:isri p i  clcmp , which can b z an o p e r a t i o n a l  $-ncon- 
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venience ,  and by s eve re ly  a t t e n u a t i n g  t h e  l a r g e  360 Hz harmonic component by 
f i l t e r i n g  i n  t h e  manpack r e c e i v e r ,  WGL was a b l e  t o  o b t a i n  some improvement 
i n  performance; bu t  n o t  enough t o  make i t  a  dependable and p r a c t i c a l  system 
under mine o p e r a t i o n a l  cond i t i ons .  
b  . Future  Developments 
The above exper ience  under o p e r a t i o n a l  cond i t i ons ,  when combined w i th  t h e  
problems a s s o c i a t e d  w i t h  ga in ing  s u r f a c e  access  r i g h t s  over  advancing c o a l  mine 
s e c t i o n s  ( f o r  t h e  i n s t a l l a t i o n  of long w i r e  an tennas ,  perhaps s e v e r a l  thousand 
f e e t  i n  l e n g t h ,  o r  s m a l l e r  l oops ,  which have t o  be  moved more o f t en )  make i t  
very  u n l i k e l y  t h a t  t h e  permanent s u r f a c e  i n s t a l l a t i o n s  r equ i r ed  f o r  o p e r a t i o n a l  
a p p l i c a t i o n s  w i l l  b e  a  p r a c t i c a l  p o s s i b i l f t y  i n  t h e  n e a r  f u t u r e .  Thus i n  t h e  
nea r  term,  downlink vo i ce  w i l l  remain an emergency cond i t i on  mobile system; 
thereby keeping t h e  communication problem c l o s e r  t o  t h e  one o r i g i n a l l y  t r e a t e d  
by WGL, b u t  w i t h  some added f e a t u r e s .  
The emphasis f o r  f u t u r e  e f f o r t s  on t h i s  system should probably b e  i n  t h e  
development of a  r e l i a b l e ,  compact, dua l  purpose r e c e i v e r  t o  b e  c a r r i e d  by a  
miner ,  p r e f e r a b l y  i n t e g r a t e d  i n t o  h i s  helmet and opera ted  from t h e  cap lamp 
b a t t e r y ,  a s  de sc r ibed  by H .  Parkinson i n  h i s  paper .  It  w i l l  f unc t i on  a s  a  
downlink baseband v o i c e  r e c e i v e r  under emergency c o n d i t i o n s ,  and a s  a  c a l l  a l e r t  
page r e c e i v e r  under o p e r a t i o n a l  cond i t i ons  f o r  key mining personne l ,  a s  mention- 
ed i n  Sec t i on  11. Though t h e  p r e s e n t  s u r f a c e  t r a n s m i t t e r  i s  appa ren t l y  adequate  
t o  handle  s e v e r a l  emergency c o n d i t i o n s ,  i t :  t oo  w i l l  probably need t o  b e  rede- 
s igned  and opt imized:  f o r  t r u l y  mobile u t i . l i z a t i o n  i n  t h e  s ense  of be ing  e a s i l y  
t r a n s p o r t a b l e  by backpack o r  h e l i c o p t e r  t o  t h e  d e s i r e d  s p o t s  above t h e  mine; f o r  
c o m p a t i b i l i t y  w i t h  t h e  new dua l  purpose miner c a r r i e d  r e c e i v e r s  t o  b e  developed; 
and f o r  t h e  mine emergency n o i s e  cond i t i ons  l i k e l y  t o  be p r e v a i l i n g .  S ince  t h e  
downlink vo i ce  t r a n s m i t t e r  w i l l  have t o  be! t r a n s p o r t e d  t o  and i n s t a l l e d  a t  se-  
l e c t e d  l o c a t i o n s  above t h e  mine a f t e r  an emergency h a s  occur red ,  t h e  mine o r  
s e c t i o n  of i n t e r e s t  w i l l  most l i k e l y  b e  i n  a  n e a r l y  power-down n o i s e  cond i t i on  
w i th  only e s s e n t i a l  ,lower-powered , e l e c t r i c a l  equipment such a s  pumps, f a n s ,  e t  c .  
i n  ope ra t i on .  
Deep Mines 
The above a p p l i e s  t o  t h e  nominal c o a l  mine cond i t i ons  s p e c i f i e d .  The 
deep hardrock  mine s i t u a t i o n  i s  a  v a s t l y  more d i f f i c u l t  one a s  descr ibed  i n  
t h e  up l i nk  s e c t i o n ,  r e q u i r i n g  f requenc ies  down t o  500 Hz and pos s ib ly  100 Hz 
and below even f o r  narrowband d a t a  app l i ca . t i ons .  Therefore ,  un l e s s  p r a c t i c a l  
and economical techniques  f o r  d r ama t i ca l l y  compressing t h e  bandwidth r e q u i r e d  
f o r  i n t e l l i g i b l e  vo i ce  t ransmiss ion  become a v a i l a b l e ,  downlink vo i ce  t o  deep 
mines on t h e  o r d e r  of 10,000 f e e t  w i l l  no t  b e  p r a c t i c a l l y  f e a s i b l e  under any 
n o i s e  cond i t i ons .  
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The Channel-Transmission Loss 
a .  Lone Wire Antennas 
Downlink communications t o  d a t e  have p r imar i l y  u t i l i z e d  grounded, h o r i -  
z o n t a l  long wi re  source  antennas on t h e  s u r f a c e ,  which r epo r t ed ly  g ive  good 
coverage i n  t h e  mine t o  a s t r i p  of width about equa l  t o  t h e  depth of t h e  mine 
under t h e  w i r e ,  and sometimes wider ,  depending on t h e  depth and a v a i l a b l e  t r ans -  
m i t t e r  power. Antenna l eng ths  have t y p i c a l l y  ranged from a low of about 1,500 
f e e t  up t o  g r e a t e r  than  a mi l e ,  WGL f i e l d  experience i n d i c a t i n g  t h a t  a l ength  
g r e a t e r  than about t h r e e  t imes t he  mine depth be ing  adequate t o  assume i n f i n i t e -  
l y  long wi re  behavior  f o r  t h e  t ransmiss ion  l o s s .  I n  t h e  mine, the  w i r e ' s  mag- 
n e t i c  f i e l d  is  p r imar i l y  h o r i z o n t a l ,  w i th  a gradua l ly  i nc reas ing  v e r t i c a l  com- 
ponent a s  one moves away from t h e  w i r e  i n  a perpendicu la r  d i r e c t i o n ;  a s  opposed 
t o  t h e  f i e l d  of a s u r f a c e  loop which has  p r imar i l y  a v e r t i c a l  component. I n  
t hose  cases  where t h e  p o s i t i o n  of t h e  miner o r  communication s t a t i o n  i s  r e l a -  
t i v e l y  w e l l  known and f i x e d ,  a l a r g e  one t u r n  loop,  l i k e  t h a t  f o r  t h e  up l ink ,  
placed over  t h e  miner 's  p o s i t i o n  can o f f e r  a performance advantage a s  w e l l  a s  
one of convenience, depending on t h e  o r i e n t a t i o n  of t h e  miner 's  r ece ive  loop 
and t h e  d i r e c t i o n  of t h e  maximum n o i s e  component i n  t h e  mine. 
Grounding of t h e  long-wire antenna has  been accomplished by means of 
fou r  o r  more ground rods a t  each end of t h e  w i r e ,  wi th  s p e c i a l  c a r e  be ing  taken 
t o  ensure  good connections by t h e  use of mud and copious amounts of rock s a l t .  
I n  t h i s  manner, t o t a l  r e s i s t a n c e  va lues  between about 50 and 100 ohms can b e  
achieved f o r  t h e  long w i r e  antenna;  however, maintaining t h e s e  va lues  over  long 
per iods  of t i m e  can sometimes b e  a problem. 
To e s t a b l i s h  va lues  of average overburden conduct iv i ty  f o r  e s t ima t ing  
system ope ra t i ng  ranges a t  d i f f e r e n t  mine s i tes ,  t h e  w e l l  e s t a b l i s h e d  dipole-  
d i p o l e  measurement technique has  been used e x t e n s i v e l y ,  and found t o  g ive  re-  
s u l t s  t h a t  ag ree  reasonably w e l l  w i th  system test  r e s u l t s  i n  most cases  over  
c o a l  mines. 
The t h e o r e t i c a l  r e s u l t s  of Wait and ITS, regard ing  t h e  magnetic f i e l d s  
expected underground from i n f i n i t e l y  long ,  i n s u l a t e d  w i r e  sou rces ,  placed on 
t h e  s u r f a c e  of homogeneous and layered  conducting overburdens,  a r e  w e l l  es- 
t a b l i s h e d  and have been found t o  be  gene ra l l y  i n  good agreement wi th  exper i -  
mental d a t a  ob ta ined  by WGL and CSM a t  s e v e r a l  mine s i t e s .  S imi l a r  r e s u l t s  
have been obta ined  f o r  s u r f a c e  loops.  However WGL f i e l d  experiences  have a l s o  
revea led  a somewhat g r e a t e r  tendency f o r  occas iona l  experimental  d e v i a t i o n s ,  
from p red i c t ed  f i e l d  s t r e n g t h  va lues  f o r  t he  long wi re  antennas.  A p o s s i b l e  
cause c i t e d  f o r  t h i s  behavior  was t he  presence of long conductors such a s  
power c a b l e s ,  t r o l l e y  wi res ,  o r  r a i l s  i n  t h e  mine, o r  l a r g e  inhomogenieties 
i n  t h e  overburden. This  bea r s  some f u r t h e r  i n v e s t i g a t i o n .  
A cons tan t  c u r r e n t  assumption i s  used throughout t h e s e  d e r i v a t i o n s .  
This has  been shown t o  b e  v a l i d  f o r  t h e  f requenc ies  of i n t e r e s t  provided t h e  
conductors a r e  i n s u l a t e d ,  which they a r e  i n  p r a c t i c a l  a p p l i c a t i o n s  of i n t e r e s t .  
The Navy experience i n  p a r t i c u l a r ,  w i th  t h e  huge Sanguine t r ansmi t  antenna,  
provides  good testimony t o  t h e  v a l i d i t y  of t h i s  cons tan t  c u r r e n t  assumption. 
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ITS and Wait have a l s o  de r ived  express ions  and curves f o r  t h e  underground 
magnetic and e l e c t r i c  f i e l d s  produced by f i n i t e ,  grounded, i n s u l a t e d  w i r e  antenn- 
a s  on t h e  s u r f a c e  of  a homogeneous, unlayered h a l f  space ,  and f o r  t h e  converse  
s i t u a t i o n  of t h e  s u r f a c e  f i e l d s  from b u r i e d  f i n i t e  grounded wires. These cases  
a r e  more c l o s e l y  r e l a t e d  t o  a c t u a l  f i e l d  i m s t a l l a t i o n s .  Both ana ly se s  r e v e a l  
t h a t  a f i n i t e  grounded w i r e  can b e  t r e a t e d  a s  an i n f i n i t e s i m a l  d i p o l e  when t h e  
obse rva t i on  d i s t a n c e ,  o r  dep th ,  is more than  about  twice  t h e  cab l e  l e n g t h ;  and 
t r e a t e d  a s  an i n f i n i t e l y  long w i r e  when t h e  obse rva t i on  d i s t a n c e  is less than  
about one q u a r t e r  of t h e  cab l e  l e n g t h ,  t h i s  l a t t e r  behavior  having been exper i -  
mental ly  observed a t  s e v e r a l  mines by WGL. I n  between t h e s e  depths  n e i t h e r  
approximation is good, t h e  exac t  curves  o r  a n a l y t i c a l  fo rmula t ion  be ing  r equ i r ed .  
Examination of t h e s e  curves  a l s o  i n d i c a t e s  on ly  s l i g h t  depa r tu r e  from i n f i n i t e l y  
long w i r e  f i e l d  va lues  f o r  d i s t a n c e s  up t o  h a l f  t h e  l eng th  of t h e  w i r e ,  and a 
r educ t i on  from i n f i n i t e  w i r e  f i e l d  va lues  of only about  3 t o  6 dB up t o  d i s -  
t ances ,  o r  dep th s ,  equa l  t o  t h e  l eng th  of t h e  w i r e .  The degree t o  which t h i s  
behavior  changes a s  t h e  obse rva t i on  p o i n t  rnoves toward and beyond t h e  end of 
t h e  w i r e  was n o t  d i s cus sed ,  b u t  should  b e  o b t a i n a b l e  from t h e  a n a l y s i s .  These 
r e s u l t s  w i l l  b e  q u i t e  u s e f u l  f o r  determining minimum p r a c t i c a l  l eng ths  f o r  su r -  
f a c e  and underground antenna i n s t a l l a t i o n s ,  and a s  a means f o r  unders tanding  
observed exper imenta l  behavior .  
It was concluded t h a t  no new t h e o r e t i c a l  d e r i v a t i o n s  were needed f o r  
loops o r  i n f i n i t e l y  long w i r e  sou rce s  on t h e  s u r f a c e  f o r  downlink t r ansmis s ion  
l o s s ,  b u t  a s  i n  t h e  up l i nk  c a s e ,  a p p r o p r i a t e  p r a c t i c a l  curves ,  t a b l e s ,  nomo- 
graphs , e t c .  b e  prepared  based on t h e  above r e s u l t s  f o r  homogeneous and l aye red  
overburdens.  S i m i l a r  cu rves ,  nomographs, e t c .  a r e  needed of t h e  magnet ic  and 
e l e c t r i c  f i e l d s  f o r  t h e  f i n i t e  w i r e  c a se s  t r e a t e d  by ITS. A s  i n  t h e  up l ink  
c a s e ,  curves  should  b e  inc luded  t h a t  depict: t h e  i n c r e a s e  i n  s i g n a l  l o s s  w i th  
h o r i z o n t a l  in-mine movement away from t h e  long w i r e ,  f i n i t e  w i r e ,  and loop 
p o s i t i o n s  on t h e  s u r f a c e ,  i n  o r d e r  t o  determine in-mine coverage a r e a s .  
The e f f e c t s  of a l aye red  overburden on t h e  f i e l d s  of  f i n i t e  grounded 
w i r e s  have n o t  been t r e a t e d  y e t .  I f  i t  is  concluded t h a t  l a y e r i n g  is l i k e l y  
t o  i n f l u e n c e  t h e  downlink f i e l d  behavior  i n  a s i g n i f i c a n t  manner, t h i s  c a se  
should  a l s o  b e  t r e a t e d  by a n a l y s i s  and cor1:esponding p r a c t i c a l  a p p l i c a t i o n  
curves  produced. A summary assessment  of t:he importance of l a y e r i n g  t o  t h e  
f i e l d s  produced by t h e  o t h e r  sou rce s  would a l s o  b e  d e s i r a b l e .  L a s t l y ,  new 
and b e t t e r  ways of qu i ck ly  making good, and long l a s t i n g ,  ground t e rmina t i ons  
i n  d i f f e r e n t  ground covers  should r e c e i v e  some a t t e n t i o n .  
b . P a r a s i t i c  S t r u c t u r e s  
Long wi r e  and loop antennas deployed on t h e  s u r f a c e  a r e  n o t  a s  l i k e l y  
a s  in-mine i n s t a l l a t i o n s  t o  encounter  p a r a s i t i c  s t r u c t u r e s  i n  t h e i r  immediate 
v i c i n i t y ,  un less  they  have t o  be deployed i n  and ac ros s  t h e  s t r e e t s  of a town, 
o r  perhaps d i r e c t l y  over  a gas p ipe  o r  under power l i n e s  i n  r u r a l  a r e a s .  I n  
t h e  f i r s t  case  t h e  complexity of t h e  p a r a s i t i c  s t r u c t u r e  con f igu ra t i on  w i l l  
probably de fy  a n a l y t i c a l  t r e a tmen t ,  and what is  perhaps more needed is  a 
p r a c t i c a l  s t r a t e g y  f o r  choice of antenna type and i t s  deployment, based on 
p r e s e n t  knowledge. I n  t h e  second i n s t a n c e ,  Wait and ITS have examined ca se s  
of long  w i r e  sources  p a r a l l e l  t o  bur ied  conduct ing non-insulated c y l i n d e r s .  
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These r e s u l t s  should be  examined f o r  t h e i r  p o t e n t i a l  a p p l i c a t i o n  t o  t h e  gas 
p ipe  s t r u c t u r e .  However, s i n c e  t h e  e f f e c t s  of such s t r u c t u r e s  gene ra l l y  
dec r ea se  w i th  i n c r e a s i n g  d i s t a n c e  and o r i e n t a t i o n  ang l e ,  perhaps a  p r a c t i c a l  
s o l u t i o n  t o  t h i s  p o t e n t i a l  problem i s  aga in  a  deployment s t r a t e g y  f o r  minimum 
e f f e c t ,  when t h e  p resence  of t h i s  conductor i s  known and f l e x i b i l i t y  i n  
antenna deployment i s  a v a i l a b l e  . 
I n  t h e  s e c t i o n  and haulage ways a t  t h e  r e c e i v i n g  end of t h e  downlink, 
me t a l  s t r u c t u r e s  i n  t h e  v i c i n i t y  of t h e  man-carried r e c e i v i n g  antennas  may 
p l a y  a  more impor tan t  r o l e  i n  a l t e r i n g  o r  p rov id ing  a  s h i e l d i n g  e f f e c t  t o  
underground f i e l d s ,  and, may account  f o r  some of t he  lower than p r ed i c t ed  
l e v e l s  exper ienced by WGL i n  a  few i n s t a n c e s .  Prime su spec t s  f o r  t h e s e  i n f r e -  
quen t l y  r epo r t ed  anomalies could be  c losed loops made by two o r  more v e h i c l e  
t r o l l e y  p o l e s  a c r o s s  t h e  t r o l l e y - t r a c k  t ransmiss ion  l i n e ,  say  i n  t h e  v i c i n i t y  
of t h e  s e c t i o n  l oad ing  p o i n t ,  o r  s t e e l  mesh used f o r  roof  suppo r t  i n  t h e  
e n t r i e s  of some mines. The e f f e c t s  of t h e s e  s t r u c t u r e s  should be es t imated  
u s ing  approximate methods, t o  s e e  i f  they ,  a s  opposed t o  l a r g e  unknown con- 
duc t i ng  anomalies i n  t h e  overburden,  could account  f o r  t h e  s i g n i f i c a n t l y  reduced 
h o r i z o n t a l  f i e l d  s t r e n g t h  l e v e l s  observed. 
3 .  The Channel-Noise 
As concluded du r ing  t h e  workshop and d i scussed  i n  t h e  downlink overview 
s e c t i o n ,  i t  can be assumed f o r  t h e  purpose of system des ign  and op t im iza t i on  
t h a t  t h e  mine o r  mine s e c t i o n s  w i l l  b e  i n  a  non-opera t iona l ,  power-down, con- 
d i t i o n  du r ing  t h e  ope ra t i on  of t h e  downlink emergency vo i ce  system. A l l  major 
mining and hau lage  equipment w i l l  b e  turned o f f ,  on ly  minor equipment such a s  
pumps, f a n s ,  e t c . ,  may be  l e f t  on. 
The in-mine wideband n o i s e  record ings  made by NBS should p rov ide  a  more 
than adequate  d a t a  ba se  from which t o  op t imize  t h e  des ign  of t h e  downlink 
baseband vo i ce  system. Expanded frequency-scale  power s p e c t r a  cover ing  t h e  
0-5 kHz band, and d e p i c t i n g  d i s c r e t e  f requency and broadband n o i s e  l e v e l s  of 
bo th  h o r i z o n t a l  and v e r t i c a l  components of  t h e  magnetic f i e l d  i n t e n s i t y  w i l l  
be  needed. Dubs of s e l e c t e d  n o i s e  t ape  r eco rd ings  a r e  a l s o  d e s i r e d  f o r  
t e s t i n g  r e c e i v e r  p roce s s ing  techn iques  and o v e r a l l  sys tem performance i n  t h e  
l a b o r a t o r y .  Of p a r t i c u l a r  i n t e r e s t  w i l l  b e  d a t a  du r ing  q u i e t  t imes and loca-  
t i o n s  on t h e  s e c t i o n s  and haulageways,  t h a t  c h a r a c t e r i z e  t h e  emergency power 
down cond i t i ons .  Consu l ta t ion  w i t h  Bureau of Mines and NBS s t a f f  w i l l  no 
doubt be  h e l p f u l  i f  n o t  nece s sa ry  i n  t h e  s e l e c t i o n  of  measurement cond i t i ons  
and d a t a  t h a t  t y p i f y  t h i s  cond i t i on .  
4.  The Source-Message, Coding, Modulation,  Opera t ing  Frequency 
The sou rce  t o p i c  was given only b r i e f  t r ea tment  by t h e  group. I t  was 
noted t h a t  performance c a l c u l a t i o n s  by ADL us ing  e a r l y  NBS and WGL mine n o i s e  
d a t a  i n d i c a t e  t h a t  i n t e l l i g i b l e  downlink baseband vo i ce  r e c e p t i o n  i s  p o s s i b l e  
t o  1 ,000 f e e t  i n  mho/m overburdens ,  w i t h  under 50 w a t t s  of average power 
under low n o i s e  mine cond i t i ons .  This  k ind  of performance i s  supported by WGL 
expe r i ence  i n  t h e  f i e l d .  Indeed,  even a s  l i t t l e  a s  5  w a t t s  may be r equ i r ed  
under some h i g h l y  f avo rab l e  non-operat i o n a l  cond i t i ons  . (These r ea sonab l e  
average power requirements  can climb t o  p r o h i b i t i v e  l e v e l s  above 10  k i l o w a t t s  
under o p e r a t i o n a l  cond i t i ons  i n  DC mines. ) 
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The emphasis f o r  t h e  downlink v o i c e  sys tem h a s  remained on t h e  d i r e c t  
t r a n s m i s s i o n  o f  baseband v o i c e  s i g n a l s  through- the-ear th  , p a r t i c u l a r l y  under 
t h e  r e l a t i v e l y  f a v o r a b l e  emergency power-down n o i s e  c o n d i t i o n .  Under t h i s  
c o n d i t i o n ,  t h e  h i g h - l e v e l  harmonics  of 60 Hz, and p a r t i c u l a r l y  t h o s e  of 
360 Hz, w i l l  b e  g r e a t l y  reduced.  Updated performance and o v e r a l l  sys tems 
a n a l y s i s  c a l c u l a t i o n s  based on t h e  more comprehensive mine n o i s e  d a t a  r e c e n t l y  
t aken  by NBS w i l l  h e l p  t o  v e r i f y  ( o r  deny) t h e  d e s i r a b i l i t y  o f  t h i s  f r equency  
band of o p e r a t i o n ,  and b e t t e r  e s t a b l i s h  t h e  r e q u i r e d  power l e v e l s ,  These 
n o i s e  d a t a  s h o u l d  a l s o  h e l p  i d e n t i f y  t r a n s m i t t e r  s i g n a l  c o n d i t i o n i n g  t e c h n i q u e s  
and r e c e i v e r  s i g n a l  a n d / o r  n o i s e  p r o c e s s i n g  t echn iques  t h a t  can b e  used t o  
r educe  t h e  power, s i z e ,  and we igh t  r e q u i r e d  f o r  t h e  mobi le ,  emergency s u r f a c e  
t r a n s m i t t e r  . 
The use  of pre-emphasized and /o r  c l i p p e d  speech upon t r a n s m i s s i o n  were  
sugges ted  f o r  c o n s i d e r a t i o n  as ways t o  r e d u c e  t h e  peak power r e q u i r e m e n t s  of  
t h e  t r a n s m i t t e r ,  w h i l e  s a c r i f i c i n g  o n l y  l i t t l e  i n t e l l i g i b i l i t y  f o r  t h e  same 
average  speech  power t r a n s m i t t e d .  Means o f  s i g n i f i c a n t l y  r e d u c i n g  t h e  band- 
wid th  needed (by more than  an o r d e r  of  magnitude) t o  t r a n s m i t  v o i c e  i n t e l l i -  
g i b l y  have been c la imed i n  t h e  l i t e r a t u r e .  S i n c e  such r e d u c t i o n s  would c o r r e -  
spond ing ly  reduce  t r a n s m i t t e r  power, t h e s e  r e p o r t e d  methods s h o u l d  a l s o  b e  
i n v e s t i g a t e d .  
An a l t e r n a t i v e  method f o r  improving mine communications was a l s o  recom- 
mended by t h e  group as perhaps  a long-term g o a l  f o r  t h e  mining equipment 
s u p p l i e r s .  Namely, t h e  e f f e c t i v e  s u p p r e s s i o n  o f  e l e c t r i c a l  n o i s e  a t  i t s  s o u r c e  
i n  t h e  equipment whenever p r a c t i c a l l y  p o s s i ' t ~ l e ,  by means o f  improved d e s i g n s  
a n d / o r  a d d i t i o n  o f  s p e c i a l  n o i s e  suppress io r i  equipment.  
5 .  The Receiver-Sensor  , Demodulat i o n l ~ e c o d i n g  , S p e c i a l  P r o c e s s i n g  
a .  Downlink 
A s  f o r  t h e  s o u r c e ,  on ly  b r i e f  c o n s i d e r a t i o n  was g iven  t o  t h i s  t o p i c .  A 
he lmet  mounted l o o p  a n t e n n a  d e s i g n  is  d e s i r e d ,  t o g e t h e r  w i t h  a s i m i l a r l y  
mounted compact dual -purpose  r e c e i v e r ,  as mentioned i n  t h e  s y s  t e m  d e s c r i p t i o n  
s e c t i o n .  The c a l l - a l e r t  f u n c t i o n  o f  t h e  r e c e i v e r  w i l l  b e  d i s c u s s e d  la ter .  
Use o f  n o t c h  f i l t e r i n g  t o  r educe  t h e  i n t e r f e r i n g  e f f e c t s  of  h i g h - l e v e l  
harmonics  o f  60 Hz and 360 Hz, t h e r e b y  r e d u c i n g  r e q u i r e d  t r a n s m i t t e r  power, was 
t h e  p r i n c i p a l  s u g g e s t i o n .  Such f i l t e r s  have been s u c c e s s f u l l y  a p p l i e d  i n  
F r a n c e ,  and r e f e r e n c e  m a t e r i a l  on t h e s e  a p p l - i c a t i o n s  w i l l  b e  forwarded t o  t h e  
Bureau o f  Mines by r e p r e s e n t a t i v e s  of  t h e  U n i v e r s i t y  of  L i l l e .  Dramat ic  
improvements i n  v o i c e  r e c e p t i o n  i n  t h e  f a c e  o f  harmonic i n t e r f e r e n c e  have a l s o  
been demons t ra ted  by ADL i n  t h e  l a b o r a t o r y ,  w i t h  a breadboard d e s i g n  of a  
s i m p l e  e l e c t r o n i c  commutator-type f i l t e r  t h a t  i s  p a r t i c u l a r l y  s u i t e d  t o  
r e j e c t i n g  harmonic s i g n a l s .  The French and ADL r e p o r t e d  results shou ld  b e  
reviewed,  t o g e t h e r  w i t h  o t h e r  r e p o r t e d  n o t c h  f i l t e r  work. 'l'hey s h o u l d  b e  
reviewed f o r  t h e i r  e f f e c t i v e n e s s  a g a i n s t  t h e  mine emergency c o n d i t i o n  harmonic 
i n t e r f e r e n c e  ; and f o r  t h e i r  p r a c t i c a l  app1ic:at ion t o  a compact he lmet  mounted 
r e c e i v e r ,  s h o u l d  t h e  measured harmonic  l e v e l s  w a r r a n t  t h e  use  o f  n o t c h  f i l -  
t e r i n g  under emergency power-down c o n d i t i o n s .  I n  r e g a r d  t o  t h i s  l a t t e r  p o i n t ,  
i t  may b e  n e c e s s a r y  t o  e v a l u a t e  t h e  e f f e c t  a f  p u r e  o r  complex " tones"  o f  n o i s e ,  
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such a s  those  c r e a t e d  by harmonics of 60 Hz and 360 Hz, on t h e  i n t e l l i g i b i l i t y  
of r e ce ived  speech.  The e f f e c t  of d i r e c t  audio n o i s e  i n  t he  mine environment 
(which w i l l  probably b e  low under emergency cond i t i ons )  should a l s o  r e c e i v e  
b r i e f  c o n s i d e r a t i o n  a long  w i t h  t h a t  of t h e  o v e r a l l  speech sound l e v e l  t o  be  
d e l i v e r e d  t o  t h e  miner .  
b .  Uplink 
Performance c a l c u l a t i o n s ,  s i m i l a r  t o  t hose  f o r  t h e  downlink d i scussed  
above have a l s o  been performed by ADL f o r  a  baseband vo i ce  up l i nk  u s ing  a  
m u l t i t u r n  100-foot per iphery  loop  t r a n s m i t  antenna i n s t ead  of a long w i r e .  The 
r e s u l t s  i n d i c a t e  t h a t ,  excep t  under t h e  most f avo rab l e  cond i t i ons  o f  depth 
(300 f e e t )  and t h e  q u i e t e s t  of s u r f a c e  n o i s e  cond i t i ons ,  t h e  l e v e l s  of t r a n s -  
m i t t e r  power, v o l t a g e ,  and c u r r e n t  r equ i r ed  a r e  w e l l  i n  excess  of  those  
demanded by i n t r i n s i c  s a f e t y ,  long  o p e r a t i n g  l i f e ,  and p r a c t i c a l  s i z e  and 
weigh t  f o r  an in-mine emergency u n i t .  These up l i nk  t r a n s m i t t e r  requirements  
f o r  vo i ce  should be reconfi rmed,  a l ong  w i th  those  f o r  t h e  downlink vo i ce  
system, i n  l i g h t  of t h e  more comprehensive NBS mine n o i s e  d a t a  now a v a i l a b l e  
and t h e  l a r g e r  in-mine loop an tennas  be ing  cons idered .  However, i t  appears  
t h a t  an up l i nk  vo i ce  system t h a t  can o p e r a t e  from a v a i l a b l e  emergency power 
w i l l  con t inue  t o  remain i m p r a c t i c a l  u n t i l  an  economic and p r a c t i c a l  way i s  
found t o  s i g n i f i c a n t l y  reduce t h e  bandwidth r equ i r ed  t o  t r an smi t  i n t e l l i g i b l e  
speech.  
S i d e l i n k  C a l l  A l e r t  Coded Page System 
1. Overview 
The c a l l  a l e r t  sys tem is  a  r e c e n t  by-product of t h e  succe s s  expe r i -  
enced w i th  t h e  exper imenta l  e l e c t romagne t i c  CW t r a n s m i t t e r  developed by WGL f o r  
l o c a t i n g  miners t rapped benea th  overburdens of mho/m conduc t i v i t y  t o  
dep th s  of 1,000 f e e t .  A s  mentioned p r ev ious ly ,  t h e  l o c a t i o n  t r a n s m i t t e r  i s  
i n t r i n s i c a l l y  s a f e ,  o p e r a t e s  from a  mine r ' s  & v o l t  cap lamp b a t t e r y  i n t o  a  one- 
t u r n  loop  placed i n  an e n t r y  o r  wrapped around a  c o a l  p i l l a r ,  and gene ra t e s  a  
p e r i o d i c a l l y  i n t e r r u p t e d  CW s i g n a l  i n  t h e  1-3 kHz band. This  s i g n a l  i s  de tec -  
t a b l e  on t h e  s u r f a c e  above t h e  miner and is  s u i t a b l e  f o r  l o c a t i n g  t h e  mine r ' s  
h o r i z o n t a l  p o s i t i o n .  The development of t h i s  l o c a t i o n  t r a n s m i t t e r  ha s  now 
progressed  t o  where an improved preproduc t ion  p ro to type  u n i t  i s  be ing  manufac- 
tu red  by C o l l i n s  Radio Co. i n  l i m i t e d  q u a n t i t i e s  f o r  t e s t i n g  i n  some ope ra t i ng  
mines. 
S ince  t h e  h o r i z o n t a l  ranges  d e s i r e d  f o r  t h e  c a l l  a l e r t  sys tem 
desc r i bed  i n  s e c t i o n  I1 a r e  commensurate w i th  t h e  v e r t i c a l  ranges  ob ta ined  f o r  
miner l o c a t i o n ,  t h e  Bureau i s  p r e s e n t l y  g iv ing  h igh  p r i o r i t y  t o  t h e  development 
of a  c a l l  a l e r t  page system cen te red  around an adapted v e r s i o n  of t h e  WGL loca-  
t i o n  t r a n s m i t t e r .  A s  p r e s e n t l y  conceived,  t h i s  paging t r a n s m i t t e r  w i l l  be  
a c t i v a t e d  by means of a  c a r r i e r  s i g n a l  s e n t  over t h e  mine phone l i n e  from t h e  
s u r f a c e  t o  t h e  d e s i r e d  s e c t i o n .  The c a l l  a l e r t  t r a n s m i t t e r  w i l l  be  connected 
t o  a loop wrapped around a  c o a l  p i l l a r ,  perhaps a t  t h e  s e c t i o n  l o a d i n g  p o i n t ,  
and w i l l  t r an smi t  a  s i n g l e  f requency tone (perhaps  s imply coded) t o  a  compact, 
dual-purpose,  helmet-mounted r e c e i v e r  worn by t h e  i n d i v i d u a l  be ing  paged t o  t h e  
s e c t i o n ' s  mine phone. Under low n o i s e  emergency cond i t i ons ,  t h i s  r e c e i v e r  w i l l  
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be operab le  i n  a  baseband vo i ce  mode f o r  downlink message r ecep t ion .  Under 
h igh  n o i s e  o p e r a t i o n a l  cond i t i ons ,  i t  w i l l  o p e r a t e  i n  a  narrowband c a l l  a l e r t  
mode, r e c e i v i n g  a  prearranged CW paging s i g n a l  spaced between t h e  s t r o n g  60 Hz 
harmonics u s u a l l y  p r e s e n t  under t h e s e  condi t ions .  
A f i r s t  genera t ion  exper imenta l  c a l l  a l e r t  s y s  t e m  has  been b u i l t  
from e x i s t i n g  hardware by WGL, and i n s t a l l e d  i n  t h e  Bureau's exper imenta l  mine 
t o  demonstrate  concept f e a s i b i l i t y  i n  a  non-operat ional  environment. Though 
t h e  ope ra t i ng  f requenc ies  o f  t he  p r e s e n t  exper imental  u n i t  a r e  i n  t h e  1-3 kHz 
band, t o  t ake  advantage of t h e  f requenc ies  a v a i l a b l e  w i th  t he  p r e sen t  l o c a t i o n  
t r a n s m i t t e r ,  an  o v e r a l l  system a n a l y s i s  f o r  an ope ra t i ona l  n o i s e  environment 
may r e v e a l  a  more e f f e c t i v e  ope ra t i ng  frequency. 
Ove ra l l  s y s  tem requirements  a r e  p r e s e n t l y  be ing  formulated by t h e  
Bureau. These w i l l  form t h e  b a s i s  f o r  subsequent  systems a n a l y s i s  and o p t i -  
miza t ion  of  de s igns  t h a t  can be converted i n t o  p r a c t i c a l ,  i n t r i n s i c a l l y - s a f e  
hardware f o r  day-to-day u se  i n  ope ra t i ng  mines. 
2 .  The Channel-Transmission Loss- 
a .  Loops 
In-mine c a l l  a l e r t  paging i s  a  s i d e l i n k  a p p l i c a t i o n  u t i l i z i n g  two 
e s s e n t i a l l y  cop lanar  l oops ,  wh i l e  miner 1oc:ation i s  an up l ink  a p p l i c a t i o n  
u t i l i z i n g  two e s s e n t i a l l y  c o a x i a l  loops.  Examination of w a i t ' s  t h e o r e t i c a l  
coupl ing curves  f o r  i n f i n i t e s i m a l  loops bur ied  i n  homogeneous overburdens 
r e v e a l s  t h a t  t h e  o p e r a t i n g  range f o r  a  h o r i z o n t a l  cop lanar  geometry i s  reduced 
by only about  20% over  t h e  range f o r  a v e r t i c a l  coax i a l  geometry, f o r  ranges  
i n  t h e  v i c i n i t y  of t h r e e  s k i n  depths .  This ope ra t i ng  range  is  reduced even 
less a t  g r e a t e r  d i s t a n c e s .  V e r t i c a l  ranges  i n  excess  of 1,000 f e e t  have been 
ob ta ined  w i t h  t h e  l o c a t i o n  t r a n s m i t t e r .  At: 2  kHz ( t h e  c e n t e r  of  t h e  1-3 kHz 
ope ra t i ng  band of  t h e  l o c a t i o n  t r a n s m i t t e r ) ,  t h e  t h r e e  s k i n  dep th  range i s  
1,100 f e e t ,  which g ives  rise t o  a  p o t e n t i a l  s i d e l i n k  o p e r a t i n g  range of 
900 f e e t .  This 900 f o o t  range is  i n  excess  of t h e  400 t o  800 foo t  range 
needed f o r  c a l l  a l e r t  coverage of t h e  t y p i c a l  600 by 600 f o o t  s e c t i o n  men- 
t ioned  i n  s e c t i o n  11. The above range conc lus ions  a r e ,  of course ,  based on 
e q u a l  n o i s e  cond i t i ons  f o r  each case .  S ince  t he  n o i s e  environment w i l l  l i k e l y  
be more s eve re  f o r  t h e  in-mine, operat ional l ,  c a l l  a l e r t  a p p l i c a t i o n ,  i t s  
e f f e c t  on o p e r a t i n g  range and t r a n s m i t t e r / ~ : e c e i v e r  des ign  has  t o  be determined. 
A t  t h e  under 5 kHz f requenc ies  of  p r e sen t  i n t e r e s t  f o r  t h e  c a l l  
a l e r t  system, t h e  t h e o r e t i c a l  work of W ~ ~ ~ / I T S  has  shown t h a t  t he  e f f e c t s  of 
l a y e r i n g  (such a s  t h a t  found above and below c o a l  seams) and a i r - f i l l e d  
c a v i t i e s  (such a s  t unne l s  i n  c o a l  seams) should n o t  be  s i g n i f i c a n t  f o r  loops ,  and 
t h e r e f o r e  can l a r g e l y  be ignored f o r  commurlications a p p l i c a t i o n s .  S i m i l a r l y ,  
t h e  i n f i n i t e s i m a l  loop t h e o r e t i c a l  r e s u l t s  should be adequate  f o r  making per- 
formance p r e d i c t i o n s ,  p a r t i c u l a r l y  a t  t h e  d e s i r e d  range limits, f o r  mine sec-  
t i o n s  f r e e  of p a r a s i t i c  i n f l uences .  A t  ranges  c l o s e  t o  t h e  loop i n s t a l l a t i o n ,  
t he  i n f i n i t e s i m a l  loop r e s u l t s  w i l l  tend t o  overes t imate  s i g n a l  s t r e n g t h s  
somewhat. This  d i sc repancy  w i l l  become important  p r i m a r i l y  when t r e a t i n g  
p o t e n t i a l  coupl ing  t o  nearby p a r a s i t i c  s t r u c t u r e s ,  a s  d i scussed  below. There- 
f o r e ,  curves ,  t a b l e s ,  nomographs should be  prepared f o r  t he  v e r t i c a l  magnetic 
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f i e l d  component i n  t h e  p l a n e  of t h e  t r a n s m i t  l o o p ,  based on t h e  a v a i l a b l e  the-  
o r e t i c a l  r e s u l t s  f o r  cop lanar  i n f i n i t e s i m a l  loops .  These can be  used tempo- 
r a r i l y  f o r  making p r e l i m i n a r y  performance p r e d i c t i o n s  u n t i l  more i n f o r m a t i o n  
i s  for thcoming on t h e  e f f e c t s  of t h e  conductors  p r e v a l e n t  i n  mine s e c t i o n s .  
b. P a r a s i t i c  S t r u c t u r e s  
Mine s e c t i o n s  t y p i c a l l y  c o n t a i n  many conduc tors ,  such a s  t r o l l e y  
wires and r a i l s ,  f i x e d  and t r a i l i n g  power c a b l e s ,  roof  b o l t s ,  and sometimes 
s t e e l  roof-supported mesh, t h a t  can a f f e c t  t h e  s t r e n g t h  and o r i e n t a t i o n  of 
magnet ic  f i e l d s .  T h e r e f o r e ,  a  s e r i e s  of l i m i t e d  s i g n a l  s t r e n g t h  measurements 
should  be  conducted i n  o p e r a t i o n a l  mine s e c t i o n s ,  and i n  o t h e r  mine l o c a t i o n s  
t h a t  a r e  r e l a t i v e l y  conductor-f ree .  These s imple  exper iments  a r e  needed; t o  
v e r i f y  whether t h e  homogeneous-overburden cop lanar  loop  r e s u l t s  can be  a p p l i e d  
w i t h  conf idence  t o  o p e r a t i o n a l  s e c t i o n s ,  and t o  f o r m u l a t e  p r a c t i c a l  d e s i g n  
gu ides  f o r  o p e r a t i o n a l  s e c t i o n s ,  P r e l i m i n a r y  r e s u l t s  from f i e l d  measurements 
t aken  by ADL i n  t h e  ~ u r e a u ' s  exper imenta l  mine i n d i c a t e  t h a t  s i g n i f i c a n t  
d e p a r t u r e s  from t h e  t h e o r e t i c a l  r e s u l t s  can i n  f a c t  occur .  
I n  p a r a l l e l  w i t h  t h e  above f i e l d  measurements, corresponding the-  
o r e t i c a l  a n a l y s e s  a r e  needed t o  p r e d i c t  t h e  degree  t o  which t h e  d i r e c t i o n  and 
s t r e n g t h  of t h e  magnet ic  f i e l d s  produced i n  t h e  t u n n e l s ,  by f i n i t e  loops  
wrapped around c o a l  p i l l a r s ,  w i l l  b e  a f f e c t e d  by t h e  above mentioned con- 
d u c t o r s  i n  working s e c t i o n s  of t h e  mines. Of p a r t i c u l a r  i n t e r e s t  w i l l  be  t h e  
e f f e c t s  caused by t r a i l i n g  and f i x e d  power c a b l e s ,  roof  b o l t s ,  and t r o l l e y  
w i r e l r a i l  s t r u c t u r e s ,  which appear  manageable a n a l y t i c a l l y ,  The p o t e n t i a l  
problems caused by heavy m e t a l  mesh o c c a s i o n a l l y  used f o r  roof  s u p p o r t  were 
acknowledged, b u t  a ss igned  a  lower p r i o r i t y  f o r  a n a l y t i c a l  t r e a t m e n t ,  because  
of t h e  i n f r e q u e n t  u s e  of t h i s  mesh and perce ived  a n a l y t i c a l  d i f f i c u l t i e s .  
ITS h a s  done some i n v e s t i g a t i o n  of t h e  c u r r e n t s  induced i n  a  
t h i n ,  i n f i n i t e l y  long ,  c y l i n d r i c a l  conductor  by a  nearby i n f i n i t e s i m a l  loop 
t r a n s m i t t e r .  T h i s  work r e p o r t e d l y  is  e a s i l y  ex tendab le ;  t o  i n c l u d e  t h e  
e f f e c t s  of t h e  magnet ic  f i e l d  produced by t h i s  induced c u r r e n t ,  and t o  i n c l u d e  
t h e  e f f e c t s  produced by a  f i n i t e  loop source .  The u t i l i t y  of t h i s  approach 
should be  i n v e s t i g a t e d ,  and pursued i f  found a p p l i c a b l e .  
ITS h a s  a l s o  examined t h e  i n f l u e n c e  of b u r i e d  s p h e r i c a l  and p r o l a t e  
s p h e r o i d a l  conduct ing o b j e c t s  on t h e  f i e l d s  produced by i n f i n i t e s i m a l  loop 
s o u r c e s .  Though o r i g i n a l l y  done i n  connec t ion  w i t h  t h e  miner l o c a t i o n  pro- 
blem, t h e  r e s u l t s  can b e  a p p l i e d  t o  t h e  c a l l  a l e r t  a p p l i c a t i o n ,  t o  e s t i m a t e  
t h e  l i k e l y  f i e l d  e f f e c t s  produced by machinery and s h u t t l e  c a r s ,  For t h e  
f r e q u e n c i e s ,  s i z e s ,  geomet r ies ,  and d i s t a n c e s  of i n t e r e s t ,  t h e s e  o b j e c t s  w i l l  
n o t  s i g n i f i c a n t l y  a l t e r  t h e  magnitude of t h e  f i e l d s ,  b u t  mainly  t h e i r  d i r e c -  
t i o n  somewhat i n  t h e  immediate v i c i n i t y  of t h e  o b j e c t s .  No f u r t h e r  i n v e s t i -  
g a t i o n s  of t h i s  a r e a  were recommended. 
Roof B o l t s  
I f  a  f i n i t e  w i r e  t e rmina ted  by roof  b o l t s  i s  shown t o  be  a  f a v o r a b l e  
t r a n s m i t  an tenna  f o r  t h e  roof  b o l t  paging system, a  s u g g e s t i o n  was made t h a t  
i t  a l s o  be  cons idered  f o r  u s e  i n  t h e  c a l l  a l e r t  sys tem.  
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3. The Channel-Noise 
S i n c e  t h i s  i s  a narrowband o p e r a t i o n a l  sys tem f o r  mine s e c t i o n s ,  
t h e  in-mine wideband n o i s e  r e c o r d i n g s  made by NBS shou ld  p r o v i d e  a n  ade- 
q u a t e  d a t a  base .  Of p a r t i c u l a r  i n t e r e s t  w i l l  b e  expanded f requency-sca le  
power s p e c t r a  showing l e v e l s  of d i s c r e t e  and broadband n o i s e  cover ing  t h e  
0-5 kHz band; and r e p r e s e n t i n g  d a t a  t aken  p r i m a r i l y  on working s e c t i o n s  
i n  t h e  v i c i n i t y  of f a c e  machinery and power c a b l e s  and convers ion  equipment,  
under r e p r e s e n t a t i v e  o p e r a t i n g  c o n d i t i o n s .  V e r t i c a l  f i e l d  components of 
t h e  n o i s e  w i l l  b e  mose impor tan t  f o r  t h i s  a p p l i c a t i o n .  Dubs of s e l e c t  
r e c o r d i n g s  w i l l  a l s o  b e  d e s i r a b l e  a s  mentioned p r e v i o u s l y .  Although f r e -  
q u e n c i e s  below 5 kHz a r e  p r e s e n t l y  f a v o r e d ,  d a t a  can and shou ld  b e  examined 
above 5 kHz f o r  t h i s  system. 
The Source  and Rece ive r  
Only l i t t l e  a t t e n t i o n  was devoted t o  t h i s  t o p i c ,  w i t h  t h e  group 
a g r e e i n g  t h a t  a d e f i n i t i o n  of sys tem requ i rements  and a n  o v e r a l l  sys tem 
a n a l y s i s  were needed t o  i d e n t i f y  t h e  most f a v o r a b l e  and p r a c t i c a l  sys tem 
d e s i g n  approaches .  However, a  few b r i e f  comments were made. 
The t r a n s m i t t e d  c a l l  a l e r t  s igna.1 cou ld  b e  a s i n g l e  t o n e ,  keyed 
on and o f f  w i t h  a f i x e d  d u t y  c y c l e ,  a s  i n  the  p r e s e n t  e x p e r i m e n t a l  u n i t .  
For  a s i n g l e  page s i g n a l  p e r  s e c t i o n ,  t h e  s i m p l e ,  s i n g l e  t o n e  sys tem now 
used i n  t h e  e x p e r i m e n t a l  u n i t  could  b e  adequa te .  For s e v e r a l  pages  address -  
a b l e  t o  d i f f e r e n t  i n d i v i d u a l s  p e r  s e c t i o n ,  some means of coding t h e  s i n g l e  
t o n e ,  o r  u s e  of m u l t i p l e  t o n e s  would b e  needed.  The most  f a v o r a b l e  coding 
method from p r a c t i c a l  and n o i s e  immunity s t a n d p o i n t s  needs  t o  b e  determined.  
On t h e  r e c e i v i n g  end ,  i t  w a s  no ted  t h a t  n o t c h  f i l t e r s  may b e  
needed t o  minimize i n t e r f e r e n c e  from 60 Hz harmonics a d j a c e n t  t o  t h e  s i g n a l  
f requency.  The most p r a c t i c a l  and e f f e c t i v e  n o i s e  p r o c e s s i n g  t e c h n i q u e s  
s u i t e d  t o  a compact,  helmet-mounted r e c e i v e r  need t o  b e  determined.  
A s  mentioned i n  s e c t i o n  I T ,  t h i s  sys tem could  conce ivab ly  s h a r e  
equipment w i t h  a n  u p l i n k  d a t a  s t a t i o n  a l s o  l o c a t e d  on t h e  mine s e c t i o n .  
S i d e l i n k  Roof B o l t  Voice Page System 
1. Overview 
The roof  b o l t  v o i c e  pag ing  sys tem i s  a sys tem conce ived  and 
r e c e n t l y  developed by t h e  Bureau f o r  t r a n s m i t t i n g  v o i c e  messages t o  key 
i n d i v i d u a l s  c a r r y i n g  s m a l l  pocket  p a g e r s  on working s e c t i o n s  under opera- 
t i o n a l  c o n d i t i o n s .  A p r o t o t y p e ,  u s i n g  r e a d i l y  a v a i l a b l e  commercial equip- 
ment,  is p r e s e n t l y  i n s t a l l e d  i n  t h e  ~ u r e a u ' s  e x p e r i m e n t a l  mine t o  d e m o n s t r a t e  
i t s  f e a s i b i l i t y  i n  a non-opera t iona l  environment.  The sys tem concep t  de- 
ve loped  as a r e s u l t  of some s u c c e s s f u l  in-mine exper iments  performed by t h e  
P i t t s b u r g h  Mining and S a f e t y  Research C e n t e r ;  whereby a 20-watt t r o l l e y  
phone 88 kHz FM t r a n s m i t t e r  was connected t:o two roof  b o l t s  approx imate ly  
50 t o  100 f e e t  a p a r t  i n  an  o p e r a t i n g  mine,  and i t s  v o i c e  t r a n s m i s s i o n  t h e n  
r e c e i v e d  a t  d i s t a n c e s  up t o  abou t  600 f e e t  away w i t h  a s m a l l  pocke t  pager  
u t i l i z i n g  a f e r r i t e  loop  s t i c k  an tenna .  
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Limited f i e l d  e x p e r i e n c e  t o  d a t e  i n d i c a t e s  t h a t  o p e r a t i n g  ranges  
commensurate w i t h  t h e  400 t o  600 f e e t  r e q u i r e d  t o  p rov ide  s e c t i o n  coverage 
may be a c h i e v a b l e ,  under o p e r a t i o n a l  c o n d i t i o n s ,  w i t h  an o p e r a t i n g  f requency 
i n  t h e  v i c i n i t y  of 100 kHz. A t  t h i s  p o i n t  i n  t ime a  more q u a n t i t a t i v e  
unders tand ing  of t h e  t r a n s m i s s i o n  l o s s  and what a f f e c t s  i t  i s  needed; i n  
o r d e r  t o  de te rmine  t h e  most f a v o r a b l e  o p e r a t i n g  f requency ,  t o  develop prac- 
t i c a l  g u i d e l i n e s  f o r  t a i l o r i n g  i n s t a l l a t i o n s  and e s t i m a t i n g  performance i n  
d i f f e r e n t  mines,  and t o  e v e n t u a l l y  develop an  improved s y s  t e m  . 
2. The Channel-Transmission Loss 
a .  F i n i t e  Wire Antennas Terminated by Roof B o l t s  
The f i n i t e  w i r e  an tenna  i n  t h i s  c a s e  is  an i n s u l a t e d  w i r e  t h a t  
r u n s  a long  t h e  roof of  a t u n n e l  and i s  te rmina ted  a t  each end by a t t a c h -  
ment t o  a  roof  b o l t .  F i e l d  exper ience  t o  d a t e  has  found t h e  t o t a l  termin- 
a t i o n  impedance f o r  such roof  b o l t  p a i r s ,  s e p a r a t e d  by 50 t o  200 f e e t ,  t o  
f a l l  i n  t h e  range  of 120 t o  50 ohms r e s i s t i v e .  T h e o r e t i c a l  curves  and 
s u p p o r t i n g  exper imenta l  d a t a  a r e  needed, t o  adequa te ly  d e s c r i b e  t h e  be- 
h a v i o r  of t h e  magnet ic  f i e l d s  produced i n  t h e  t u n n e l s  throughout  a  s e c t i o n  
i n  which such a  f i n i t e  w i r e  t r a n s m i t t e r  is  l o c a t e d .  
The t h e o r e t i c a l  work of Wait and ITS on f i n i t e  w i r e  an tennas  
b u r i e d  i n  homogeneous overburdens ,  d e s c r i b e d  i n  s e c t i o n s  IIA2c and I IB2a,  
should  b e  p a r t i c u l a r l y  u s e f u l  i n  t h i s  r e g a r d  and f o r  e s t i m a t i n g  system 
coverage a r e a s  i n  mine s e c t i o n s .  Though t h e  p r e s e n t  r e s u l t s  a r e  f o r  t h e  
e l e c t r i c  and magnet ic  f i e l d s  produced on t h e  s u r f a c e  from such b u r i e d  
an tennas ,  ITS m a i n t a i n s  t h a t  t h e  d e s i r e d  f i e l d  s t r e n g t h s  i n  t h e  c o a l  seam 
t u n n e l s  can be  e a s i l y  o b t a i n e d  from i t s  p r e s e n t  b u r i e d - f i n i t e - w i r e  a n a l y s i s .  
T h i s  c a s e  of i n t e r e s t  corresponds t o  r e c e i v e r  l o c a t i o n s  below, b u t  i n  t h e  
immediate v i c i n i t y  o f ,  t h e  p l a n e  of t h e  f i n i t e  w i r e .  
F requenc ies  p r e s e n t l y  b e i n g  i n v e s t i g a t e d  f o r  t h i s  v o i c e  page ap- 
p l i c a t i o n  range  from 10 kHz t o  300 kHz, w i t h  p r e s e n t  exper imenta l  systems 
o p e r a t i n g  around 100 kHz. Although t h e  f r e q u e n c i e s  i n  t h e  upper p a r t  of 
t h i s  band a r e  h i g h e r  than  o r i g i n a l l y  a n t i c i p a t e d  f o r  b u r i e d  f i n i t e  w i r e  
a p p l i c a t i o n s ,  ITS b e l i e v e s  t h a t  i t s  p r e s e n t  a n a l y s i s  should  app ly .  
T h e r e f o r e ,  i t  was concluded t h a t  t h e  ITS t h e o r e t i c a l  a n a l y s i s  of 
t h e  f i e l d s  from b u r i e d  f i n i t e  w i r e s  should  be  used t o  de te rmine  t h e  d e s i r e d  
magnet ic  f i e l d s  i n  t h e  c o a l  seam, i n  t h e  1-300 kHz band; and t o  p r e p a r e  
a p p r o p r i a t e  p r a c t i c a l  c u r v e s ,  t a b l e s ,  e t c .  f o r  u s e  by system d e s i g n e r s .  I n  
a d d i t i o n ,  s i n c e  t h e  overburden is  u s u a l l y  l a y e r e d  above and below c o a l  seams, 
and s i n c e  l a y e r s  of  va ry ing  c o n d u c t i v i t y  can p o t e n t i a l l y  i n f l u e n c e  t h e  f i e l d s  
from f i n i t e  w i r e  an tennas  more than  t h o s e  from f i n i t e  loops ,  a t h e o r e t i c a l  
a n a l y s i s  t o  de te rmine  t h e  e f f e c t s  of  a  s imple ,  r e p r e s e n t a t i v e , l a y e r e d  model 
should  b e  performed. 
The non-conducting volumes c r e a t e d  by t h e  g r i d  of t u n n e l s  i n  t h e  
c o a l  seam were cons idered  t o o  d i f f i c u l t  f o r  e x a c t  a n a l y t i c a l  t r e a t m e n t  a t  
t h i s  s t a g e ;  and i n  f a c t  may n o t  c r e a t e  s i g n i f i c a n t  e f f e c t s  on t h e  magnet ic  
f i e l d s  i n  t h e  t u n n e l s ,  because  t h e  t u n n e l s  a r e  r e l a t i v e l y  narrow and t h e  
c u r r e n t s  can s t i l l  f low wi thou t  much a l t e r a t i o n  through t h e  wider  c o a l  
p i l l a r s .  
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C o l l i n s  Radio and Spec t r a  Associ 'a tes  a r e  a l s o  r epo r t ed  t o  have 
performed t h e o r e t i c a l  ana lyses  of t he  f i e l d s  from bur ied  w i r e s ,  f o r  t h e  
i n f i n i t e l y  long and i n f i n i t e s i m a l l y  sma l l  cases .  This  work should a l s o  
be reviewed, compared w i th  t h e  ITS r e s u l t s ,  and u t i l i z e d  i f  app l i cab l e .  
C o l l i n s  Radio has  a l s o  conducted some l i m i t e d  measurements of 
t h e  magnetic f i e l d s  produced by 52 f e e t  long ,  f i n i t e  w i r e  roof b o l t  
antennas i n  an ope ra t i ng  mine. Three f i e l d  components were measured 
a t  t h r e e  d i s t a n c e s  between 300 and 700 f e e t  away from t h e  f i n i t e  w i r e ,  
i n  bo th  t h e  broads ide  and a x i a l  d i r e c t i o n s ,  and a t  f i v e  f r equenc i e s  i n  
t h e  1-50 kHz band. Though t h e s e  measurements do n o t  f u l l y  c h a r a c t e r i z e  
t he  expected t ransmiss ion  l o s s  behavior ,  t he  d a t a  s e r v e  a s  a  good 
s t a r t i n g  p o i n t  f o r  comparisons wi th  theory  and e s t a b l i s h i n g  p r a c t i c a l  
des ign  gu ide l i ne s .  More measurements a r e  needed, cover ing a  g r e a t e r  
range of d i s t a n c e ,  f requency,  and roof b o l t  spac ing ,  and p a r t i c u l a r l y  
i n  mine working s e c t i o n s .  
b. P a r a s i t i c  S t r u c t u r e s  
A s  i n  t h e  ca se  of t h e  c a l l  a l e r t  system, a  roof b o l t  system 
i n s t a l l e d  i n  a  working s e c t i o n  can be  expected t o  encounter  many conduct ing 
p a r a s i t i c  s t r u c t u r e s  t h a t  may a l t e r  t h e  d i r e c t i o n s  and magnitudes of t h e  
s i g n a l  magnetic f i e l d s .  These e f f e c t s  may even b e  magnified f o r  f i n i t e  
w i r e  systems ope ra t i ng  a t  t h e  h ighe r  f r equenc i e s  a n t i c i p a t e d .  Indeed, some 
l i m i t e d  f i e l d  measurements taken a t  88 kHz by ADL, f o r  a  roof b o l t  antenna 
i n s t a l l a t i o n  i n  t h e  Bureau's exper imental  mine, i n d i c a t e  an extremely h igh  
v a r i a b i l i t y  i n  t h e  l e v e l s  of t h e  measured v e r t i c a l  f i e l d  component a t  
comparable ranges  from t h e  roof  b o l t  antenna.  Therefore ,  and f o r  t h e  same 
reasons  given f o r  t h e  c a l l  a l e r t  system, a  s i m i l a r  exper imental  and theor-  
e t i c a l  e f f o r t  i s  recommended t o  r e s o l v e  t h e  i s s u e s  concerning t h e  e f f e c t s  
of p a r a s i t i c  conducting s t r u c t u r e s  found i n  r e p r e s e n t a t i v e  working s e c t i o n s  
of ope ra t i ng  mines. 
3. The Channel-Noise 
S ince  t h e  roof b o l t  system i s  a  vo i ce  paging system f o r  u se  under 
o p e r a t i o n a l  cond i t i ons ,  i t s  ope ra t i ng  frequency w i l l  most l i k e l y  be  above 
about  10 kHz, where t h e  o p e r a t i o n a l  n o i s e  l e v e l s  dec rea se  t o  more t o l e r a b l e  
l e v e l s .  P r e sen t  cons ide ra t i on  i s  being focussed on t h e  10 kHz t o  300 kHz 
band. The p re sen t  exper imental  system ope ra t e s  a t  88 and 100 kHz, b u t  
s i n c e  t h e s e  f r equenc i e s  a r e  a l r eady  u t i l i z e d  by mine t r o l l e y  w i r e  c a r r i e r  
systems,  a l t e r n a t i v e  non - in t e r f e r i ng  f r equenc i e s  a r e  a l s o  d e s i r a b l e .  
A s  f o r  t h e  o t h e r  systems,  t h e  r e c e n t l y  ob ta ined  NBS in-mine n o i s e  
d a t a  should s e r v e  a s  a  more than  adequate  d a t a  ba se  f o r  systems a n a l y s i s  
and op t imiza t i on  i n  t h e  10 kHz t o  300 kHz band. From t h e  wideband t ape  
r eco rd ings ,  power s p e c t r a  f o r  h o r i z o n t a l  and v e r t i c a l  magnetic f i e l d  com- 
ponents w i l l  b e  a v a i l a b l e ,  d e p i c t i n g  d i s c r e t e  and broadband n o i s e  l e v e l s  
over t h e  f requency range from 0-100 kHz and 0-300 kHz. I n  a d d i t i o n ,  n o i s e  
ampli tude p r o b a b i l i t y  d i s t r i b u t i o n s  and r m s  l e v e l s  w i l l  b e  a v a i l a b l e  from 
t h e  narrowband ( 2  kHz) s p o t  frequency n o i s e  r eco rd ings ,  a t  e i g h t  f r equenc i e s  
over t h e  10 kHz t o  32 mHz band, f ou r  of which f a l l  below 300 kHz. Appro- 
p r i a t e  dubs of s e l e c t e d  t ape  record ings  f o r  bo th  types  of n o i s e  measurement 
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should a l s o  b e  a v a i l a b l e ,  D e t a i l e d  r e p o r t s  documenting t h e s e  measurements 
and d a t a  w i l l  soon b e  pub l i shed  by NBS. 
4 , 5 ,  The Source  and Receiver  
The p r e s e n t  exper imenta l  system i s  des igned  around a  commercially 
a v a i l a b l e  20 w a t t ,  mine t r o l l e y  w i r e  phone t r a n s m i t t e r  t h a t  employs conven- 
t i o n a l  FM modulat ion and a n  i n d u s t r i a l  pocket pager  FM r e c e i v e r  t h a t  o p e r a t e  
a t  a  c a r r i e r  f requency  of e i t h e r  88 o r  100 kHz, Lack of t i m e  prevented 
d i s c u s s i o n  of t h e  o v e r a l l  sys tem by t h e  group,  b u t  i t  was concluded t h a t  t h e  
degree  t o  which t h i s  sys tem can o r  should  b e  opt imized o r  o t h e r w i s e  improved 
w i t h  r e g a r d  t o  performance,  p r a c t i c a l i t y ,  i n t r i n s i c  s a f e t y ,  e t c ,  w i l l  even- 
t u a l l y  b e  determined by t h e  system requ i rements  and a  subsequent  system 
a n a l y s i s ,  
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SUMMARY 
The work of t h e  o p e r a t i o n a l  communication systems '  group d e a l t  w i th  a 
range of communication needs and func t i ons  w i t h i n  mines,  p r imar i l y  a long 
haulageways, t o  and w i t h i n  s e c t i o n s  up t o  t h e  working f a c e  i t s e l f ,  and i n  
mine s h a f t s .  A mixture  of communication techniques  and hardware is needed 
t o  s a t i s f y  t h i s  v a r i e t y  of communication needs w i t h i n  t h e  d i f f e r i n g  environ-  
ments encountered i n  U.S. mines. S u b s t a n t i a l  p rog re s s ,  both exper imental  
and t h e o r e t i c a l ,  ha s  been made i n  r ecen t  yea r s  towards developing a l t e r n a t i v e  
communication systems s u i t a b l e  f o r  use  i n  mines which a r e  based on "guided" 
waves, i nc lud ing  w i r e - l e s s  (waveguide-lilke propagat ion i n  mine t unne l s )  and 
wire-based systems ( leaky  c o a x i a l  c ab l e s  o r  w i r e s ) .  Major p r i o r i t i e s  i d e n t i -  
f i e d  f o r  f u r t h e r  work needed t o  confirm (o r  deny) t h e  a p p l i c a b i l i t y ,  and 
r e f i n e  t h e  o p e r a t i o n a l  s p e c i f i c a t i o n s  of promising communication systems 
f o r  mine use i nc lude :  
Short-Term P r o j e c t s  
Cost/performance ana lyses  of promising leaky c o a x i a l  c ab l e  and UHF 
r a d i o  communication systems which r e q u i r e  f u r t h e r  d a t a  from: 
- Experimental  i n v e s t i g a t i o n  under U.S. mine cond i t i ons  of t h e  
performance of p o t e n t i a l l y  a p p l i c a b l e  leaky c o a x i a l  cab le  com- 
munication systems developed i n  Europe (France,  Belgium, and 
t h e  U.K). 
- Cost e s t i m a t e s  on t he se  c o a x i a l  cab le  communication systems. 
- Measurements of UHF r a d i o  propagat ion i n  low-coal mines. 
- I n v e s t i g a t i o n  of t h e  i n f l u e n c e  of o b s t a c l e s  (e .g .  s h u t t l e  c a r s  
and s e c t i o n  machinery) i n  t h e  ent : r ies  on UHF r a d i o  propaga t ion  i n  
mines . 
I n v e s t i g a t i o n  of t h e  problems of t r a n s m i t t e r  and r e c e i v e r  coupl ing 
and t e rmina t i on  matching a s s o c i a t e d  w i th  t h e  two-way propagat ion of low 
frequency r a d i o  waves i n  h o i s t  s h a f t s .  
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Longer-Term P r o j e c t s  
i . e .  of l e s s e r  urgency o r  where less in format ion  i s  c u r r e n t l y  a v a i l a b l e .  
I n v e s t i g a t i o n  of t echn iques  f o r  coupl ing UHF r a d i o  t o  l e a k y  c o a x i a l  
c a b l e  communication s y s  t e m s  . 
D e l i n e a t i o n  of t h e  r o l e  o f ,  and needed i n t e r f a c e s  f o r , o p e r a t i o n a l  
communication c a p a b i l i t y  r e l a t e d  t o  emergency, paging and moni tor ing f u n c t i o n s .  
OPEPATIONAL COMMUNICATIONS FUNCTIONS 
The communication f u n c t i o n s  under d i s c u s s i o n  i n  t h i s  r e p o r t  a r e  p r i m a r i l y :  
Two-way communication a long  main haulageways up t o  4-5 m i l e s  long ,  
t o  v e h i c l e s  and t o  maintenance personne l .  
Two-way communication i n  s e c t i o n s  up t o  working f a c e s ;  a l l  e n t r i e s  
nea.r t h e  working f a c e  should b e  covered,  b u t  p o s s i b l y  on ly  a  l i m i t e d  propor- 
t i o n  of t h o s e  a t  o r  n e a r  main haulageways. Communication w i t h  rov ing  per-  
s o n n e l  a t  up t o  3,000 f e e t  away from main haulageways must b e  e s t a b l i s h e d .  
More than  one k ind  of working f a c e  must b e  d e a l t  w i t h ,  i . e .  room and p i l l a r  
(predominant i n  t h e  U.  S  . ) and longwal l .  
Two-way communication i n  mine h o i s t  s h a f t s  (on t h e  o r d e r  of 10,000 
f e e t  long)  . 
Two d i s t i n c t i v e  c a t e g o r i e s  of communication a r e  invo lved ,  t h e  f i r s t  
depending upon a b a s e  s t a t i o n ,  and t h e  o t h e r  d e a l i n g  w i t h  d i r e c t  mobile-to- 
mobile communication. 
Although n o t  d i s c u s s e d  i n  d e t a i l ,  i t  i s  recognized t h a t  t h e  communica- 
t i o n  sys tems designed t o  f u l f i l  t h e s e  purposes  may i n t e r f a c e  w i t h  o t h e r  
communication systems such a s  t r o l l e y  phone, a s  w e l l  a s  p l a y  a  r o l e  i n  
a s s u r i n g  some emergency, paging ( c a l l  a l e r t ) , a n d  one-way moni to r ing  com- 
municat ion f u n c t i o n s .  
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ENVIRONMENTAL CONSTRAINTS 
The primary c o n s t r a i n t s  recognized a s  a f f e c t i n g  the  communication systems 
under cons idera t ion  a r e  : 
Daily u t i l i t y  of equipment 
I n t r i n s i c  s a f e t y  
Ruggedness and r e s i s t a n c e  t o  harsh  mine environment 
Avai lab le  power 
Weight and s i z e  l i m i t a t i o n s  
Cost l i m i t a t i o n s  
The e lec t romagnet ic  no i se  environment a t  t he  f requenc ies  t y p i c a l l y  propos- 
ed o r  employed (a  few MHz up t o  1 GHz) appears no t  t o  be a  s i g n i f i c a n t  f a c t o r  
i n  determining communication system performance. A p o s s i b l e  except ion t o  t h i s  
r u l e  o r  s l i g h t l y  l e s s  c lear -cu t  s i t u a t i o n  may p r e v a i l  i n  t h e  case  of low f r e -  
quency (LF) r a d i o  propagat ion proposed f o r  communication i n  mine s h a f t s  ( a t  
f requenc ies  of a  few t ens  of k i l o h e r t z ) .  
OPERATIONAL COMMUNICATIONS SYSTEMS 
Severa l  a l t e r n a t i v e  communication systems a r e  i n  p r i n c i p l e  t e c h n i c a l l y  
capable  of s a t i s f y i n g  t h e  communication needs j u s t  descr ibed .  A t e n t a t i v e  
conclusion i n  t h e  l i g h t  of our  p re sen t  s t a t e  of knowledge is  t h a t  communica- 
t i o n  along haulageways may be  e f f i c i e n t l y  provided by one o r  more of t h e  
proposed leaky coax ia l  c ab l e  systems d iscussed  l a t e r .  However, leaky c o a x i a l  
cab le  systems seem incapable  of providing communications c a p a b i l i t y  a t  more 
than 10 t o  20 meters  l a t e r a l  d i s t a n c e  from t h e  cab le .  Thus i n  o rde r  t o  provide 
wide a r e a  communications coverage w i t h i n  t h e  network of tunne ls  i n  a  c o a l  
mine s e c t i o n ,  i t  would be  necessary t o  s t r i n g  cab les  a long most of them. The 
c o s t  and p r a c t i c a l  obs t ac l e s  t o  s t r i n g i n g  a l l  t h i s  cab l e  i n  a  con t inua l ly  
changing s e c t i o n  geography favor  the  app1:ication of UHF rad io  f o r  wide a r e a  
communications w i t h i n  a  s e c t i o n .  There i s  both t h e o r e t i c a l  and experimental  
evidence t o  i n d i c a t e  t h a t  UHF rad io  i s  capable  of providing t h i s  func t ion .  
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Coaxia l  c a b l e ,  r a d i o ,  and low frequency TEM r a d i o  wave t r a n s m i s s i o n  
i n  t h e  s h a f t  a r e  a l l  p o t e n t i a l  c a n d i d a t e s  f o r  p r o v i d i n g  communication i n  
a  mine s h a f t .  No s i n g l e  one of t h e s e  communication t echn iques  h a s  y e t  been 
i d e n t i f i e d  a s  b e i n g  e s p e c i a l l y  advantageous i n  t h i s  a p p l i c a t i o n .  
The communication t echn iques  d i s c u s s e d  f a l l  under t h e  g e n e r a l  d e s c r i p -  
t i o n  of "guided" waves and comprise:  
Wire-less (UHF f r e q u e n c i e s )  
- Coaxia l  c a b l e  w i t h  p e r i o d i c  r a d i a t i v e  s t r u c t u r e s  
( I N I ~ ~ / ~ e l o g n e )  
- Coaxia l  c a b l e  w i t h  h i g h  s u r f a c e  t r a n s f e r  impedance ( b r a i d  
o u t e r  conductor)  
- Coaxia l  c a b l e  w i t h  r e p e a t e r s  
- Wire p a i r s  
- S i n g l e  w i r e  ( i n c l u d i n g  LF r a d i o  p ropaga t ion  i n  mine h o i s t  
s h a f t s )  
It  is  a l s o  recognized t h a t  power-l ine c a r r i e r  communication t echn iques  
a r e  p o t e n t i a l l y  a t t r a c t i v e  f o r  some of t h e  communication a p p l i c a t i o n s  under 
c o n s i d e r a t i o n ;  i t  is  worthwhi le  t o  i n v e s t i g a t e  power l i n e  c a r r i e r  systems 
f u r t h e r ,  however, no s e r i o u s  e v a l u a t i o n  of  them was made i n  t h i s  workshop. 
Power l i n e  c a r r i e r  systems a r e  a l r e a d y  used a long  t h e  t ro l l eyway  i n  some 
mines. 
I n  t h e  fo l lowing ,p romis ing  communication systems a r e  i d e n t i f i e d  and 
t h e i r  c u r r e n t  s t a t e  of development d e s c r i b e d .  Problems and a r e a s  where 
a d d i t i o n a l  d a t a  o r  f u r t h e r  t h e o r e t i c a l  unders tand ing  a r e  needed a r e  l i s t e d ,  
and p r i o r i t i e s  f o r  f u t u r e  development work a r e  sugges ted .  
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UHF Radio (U. S  . ) 
1. State-of-the-Art 
Marked progress  has  r e c e n t l y  been made i n  unders tanding t h e  c h a r a c t e r i s -  
t i c s  and c a p a b i l i t i e s  of UHF r a d i o  wave propagat ion along coa l  mine t unne l s .  
Measurements taken i n  mines by C o l l i n s  Radio i n d i c a t e  t h a t  e f f e c t i v e  communica- 
t i o n  can be  provided throughout most of a t y p i c a l  U.S. c o a l  mine s e c t i o n  by 
UHF r a d i o .  A t h e o r e t i c a l  a n a l y s i s  c a r r i e d  o u t  by Arthur  D .  L i t t l e ,  I nc .  (ADL) 
s t a f f  based upon t h e  hypothes i s  of waveguide propagat ion i s  i n  agreement wi th  
t h e  Co l l i n s  measurements i n  s e v e r a l  important  r e s p e c t s .  The t h e o r e t i c a l  model 
is  be l i eved  t o  r e f l e c t  t h e  b a s i c  s t r u c t u r e  of UHF r a d i o  wave propagat ion i n  
coa l  mine t unne l s ,  a l though i t  i s  p r e s e n t l y  n o t  in tended  t o  g ive  a c c u r a t e  
s i g n a l  l o s s  e s t i m a t e s  around corners  when e i t h e r  t h e  t r a n s m i t t e r  o r  r e c e i v e r  
i s  nea r  t h e  corner  ( l e s s  than  50-100 f e e t ) .  I n  t hose  cases  t h e  model's l o s s  
assymtotes  w i l l  over  e s t i m a t e  t h e  l o s s .  
During t h e  workshop an apparen t  v i o l a t i o n  of t h e  r e c i p r o c i t y  theorem 
was discovered i n  an a p p l i c a t i o n  of t h e  ADL theory  t o  extend C o l l i n s  ~ a d i o ' s  
d a t a  f o r  a  de te rmina t ion  of t h e  e x t e n t  of coverage provided by UHF communica- 
t i o n  w i t h i n  a  s e c t i o n .  This  apparen t  v i o l a t i o n  i s  be l i eved  t o  r e s u l t  from 
an a p p l i c a t i o n  of t h e  ADL model i n  a  regfon where i t  is i n v a l i d ,  namely i n  
t h e  corner  l o s s  s i t u a t i o n  j u s t  mentioned,, The r e c i p r o c i t y  theorem must be  
r e spec t ed ,  and a  ref inement  of t h e  model is needed t o  p r e d i c t  t ransmiss ion  
l o s s  around a  corner  when e i t h e r  t h e  t r a n s m i t t e r  o r  r e c e i v e r  i s  nearby t h e  
corner .  Co l l i n s  Radio has  re-evaluated t h e  sectl .on coverage p r e d i c t e d  f o r  
UHF r a d i o  which can be  deduced from t h e i r  d a t a  and e x t r a p o l a t e d  by t h e  ADL 
t heo ry ,  assuming t h e  r e c i p r o c i t y  theorem ho lds .  The r e s u l t s  of t h i s  computa- 
t i o n  a r e  a t t a ched ;  they a r e  very  encouraging. 
Leaky c o a x i a l  c ab l e  communication systems ope ra t i ng  between 2-20 MHz 
appear  incapable  of p rov id ing  communicati.on a long  cross-cuts  i n  which they 
a r e  n o t  s t r ung ,  and hence appear  both c o s t . 1 ~  and un l ike ly  of implementation 
f o r  communication i n  t h e  g r i d  of many tunne ls  which c o n s t i t u t e  a  s e c t i o n .  
UHF r a d i o  is l i k e l y  t o  be  more e f f e c t i v e  i n  t h i s  s i t u a t i o n  of a r e a l  r a t h e r  
than e s s e n t i a l l y  l i n e a r  o r  t u b u l a r  commun.ication coverage. I n  summary, 
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both  t h e o r e t i c a l  and experimental  r e s u l t s  ob ta ined  t o  d a t e  warrant  f u r t h e r  
development of UHF r a d i o  techniques f o r  providing p r a c t i c a l  communications 
i n  c o a l  mine s e c t i o n s .  
2 .  Fu ture  Development Programs 
(a )  Short-Term 
No measurements have y e t  been taken of UHF rad io  wave propagat ion 
i n  low-coal mines? which c o n s t i t u t e  a  s i g n i f i c a n t  f r a c t i o n  of U.S. c o a l  
mining a c t i v i t y .  These measurements a r e  needed t o  determine i f  t h e  d i f f e r -  
e n t  geometry of low-coal a s  a g a i n s t  high-coal mine tunne ls  permits  p r a c t i c a l  
communication of UHF. 
Addi t iona l ly  information is needed on t h e  i n f luence  of obs t ac l e s  
i n  e n t r i e s  and tunne ls  on UHF r a d i o  wave propagat ion.  I n  a  c o a l  mine 'lob- 
s t a c l e s "  such a s  s e c t i o n  machinery and s h u t t l e  c a r s  a r e  i nhe ren t ly  p re sen t .  
Some of t h e s e  obs t ac l e s  can block t h e  major p o r t i o n  of an e n t r y  and may wipe 
ou t  e f f e c t i v e  communication t o  var ious  a r ea s  of t h e  mine s e c t i o n  a s  they 
move around. Mult ipath propagat ion e f f e c t s  may h e l p  i n  overcoming t h i s  
problem; a t  any r a t e , d a t a  a r e  u rgen t ly  needed. 
Less u rgen t ly ,  i t  would b e  r evea l ing  t o  o b t a i n  UHF propagat ion d a t a  
of h ighe r  f requenc ies  (above 1 GHz) where c r i t i c a l  t e s t s  of t h e  ADL theory ,  
i nc lud ing  t h e  s e l e c t i o n  of t h e  optimum ope ra t i ng  frequency,  would b e  p o s s i b l e .  
I n  p r a c t i c a l  terms these  measurements a r e  n o t ,  a s  a l ready  mentioned, of t he  
h i g h e s t  urgency, a s  t h e  use of a  frequency above 1 GHz f o r  mobile UHF r a d i o  
i s  improbable s i n c e  i t  would e n t a i l  s i g n i f i c a n t l y  more expensive (because 
non-standard equipment).  Standard UHF f requenc ies  f o r  mobile communication 
a r e  i n  t h e  450 MHz band, and t h e  960 MHz band soon t o  be  opened by t h e  FCC. 
It may a d d i t i o n a l l y  be  noted t h a t  t h e  FCC may no t  i n  any case  approve non- 
s t anda rd  UHF f requenc ies  f o r  underground mobile communication, even though 
i n  p r i n c i p l e ,  use  of non-standard f requenc ies  is  accep tab l e  f o r  underground 
use a s  long a s  no leakage t o  t h e  s u r f a c e  occurs .  The b a s i s  f o r  t h i s  a t t i t u d e  
may b e  explained by t h e  ease with which mobile,  a s  a g a i n s t  f i x e d  communications 
gea r ,  may be  taken out  of t h e  mine f o r  persona l  u se .  
*However, t h e  reduced range performance of 420 MHz p o r t a b l e  handy t a l k i e s  
r e c e n t l y  encountered by Bureau of Standards s t a f f  dur ing  a  n o i s e  measurement 
f i e l d  t r i p  t o  a  low c o a l  mine appears  t o  p a r t i a l l y  confirm t h e  s i g n i f i c a n t l y  
h igher  propaga t ion  l o s s  p red i c t ed  f o r  c o a l  mines by t h e  theory .  
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The Bureau of Mines should a l s o  d e l i n e a t e  c l e a r l y  t he  a l t e r n a t i v e s  and 
p r a c t i c a l  cons ide ra t i ons  a s soc i a t ed  wi th  t h e  p l ac ing  of t h e  UHF t r a n s m i t t e r  
(and poss ib ly  r epea t e r s )  t o  provide t he  b e s t  communication coverage w i t h i n  
a s e c t i o n ,  t ak ing  account of i t s  continui3lly changing f e a t u r e s .  
(b) Long-Term 
A f u t u r e  s c e n a r i o  may b e  envisaged i n  which a leaky coax ia l  c ab l e  communi- 
c a t i o n  system i s  i n  use along mine haulageways, whereas UHF r a d i o  provides  
communication up t o  working f a c e s .  I n  t h i s  s i t u a t i o n  t h e  e f f e c t i v e  exp lo i t a -  
t i o n  of a l l  t h e  advantages of t h e s e  two communication techniques would be  
enhanced by t h e  a b i l i t y  t o  couple them toge the r .  The techniques ,  c o s t s  , 
and performance of methods p r a c t i c a b l e  t o  accomplish t h i s  coupling should 
be  i n v e s t i g a t e d .  
Leaky Coaxial  Cable Communication Systems (Europe) 
1. State-of-the-Art 
Three major c l a s s e s  of c o a x i a l  cab le  communication s y s  tems designed f o r  
use  i n  mines have been r epo r t ed  a s  being i n  va r ious  s t a g e s  of development i n  
Europe. 
(a)  INIEX/Delogne system (Belgium) employing r e g u l a r l y  spaced r a d i a t i n g  
devices  
Much experimental  and :heo re t i ca l  in,ves t i g a t i o n  of t h i s  sy s  tem has been 
performed inc lud ing  t r i a l s  a t  t h e  Brucetcln, Pa. experimental  mine of t he  USBM. 
The optimum o p e r a t i o n a l  frequency i s  be l i eved  t o  f a l l  i n  t he  range of 2-20 MHz. 
Pro to type  i n s t a l l a t i o n s  a r e  on o rde r  i n  Belgium, a t  a p r i c e  of about $2500/km. 
Firm product ion s a l e s  p r i c e s  a r e  no t  y e t  a v a i l a b l e .  The INI~X/Delogne scheme 
appears p o t e n t i a l l y  s u i t a b l e  f o r  a p p l i c a t i o n  i n  U.S. mines, a l though s e v e r a l  
u n c e r t a i n t i e s  regard ing  performance/cost t rade-of fs  i n  t y p i c a l  U . S .  mine en- 
vironments s t i l l  have t o  be  reso lved ,  a s  d i scussed  below. These u n c e r t a i n t i e s  
a r e  connected i n  p a r t i c u l a r  w i th  t h e  r e s t r a i n t  i n  U.S. mines, i n  c o n t r a s t  t o  
Europe, of having t o  i n s t a l l  t h e  cab l e  c l o s e  t o  t h e  r i b  wi th  consequent in -  
c r ea se s  i n  a t t e n u a t i o n ,  over  a more c e n t r a l  l o c a t i o n  i n  t h e  t unne l ,  and wi th  
t h e  i n f luences  on performance of d i r t  and water  on the  cab l e  and on t h e  r ad i a -  
t i v e  devices  . 
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(b) Coaxial  cab l e  wi th  h igh  s u r f a c e  t r a n s f e r  impedance -- s p e c i a l l y  
designed "leaky" b r a i d  o u t e r  conductor (France) 
Theore t i ca l  i n v e s t i g a t i o n s  c a r r i e d  ou t  a t  t he  Univers i ty  of L i l l e  
i n  France i n d i c a t e  t h a t  e f f e c t i v e  communication along s e v e r a l  mi les  of mine 
haulageway may be  achieved by use of a  coax ia l  c ab l e  whose b r a i d  o u t e r  con- 
duc tor  is designed f o r  "optimum" leakage of r a d i a t i o n .  Experimental i n v e s t i -  
ga t i ons  of t h i s  scheme i n  a  French mine a r e  planned t o  b e  c a r r i e d  ou t  i n  a  
few months ' t ime. The optimum o p e r a t i o n a l  frequency is be l i eved  t o  be  
between 5-10 MHz. 
S imi l a r  u n c e r t a i n t i e s  e x i s t  w i th  regard t o  t h e  e f f e c t s  of d i r t ,  
wa te r ,  and proximity t o  t he  wa l l s  of t h e  t unne l  on t h e  performance of t h e  
proposed French scheme i n  U.S. mine environments,as were mentioned i n  t h e  
contex t  of t h e  Belgian cab l e  system. 
( c )  Coaxial  Cable wi th  Repeaters  (U.K.) 
It has  been r epo r t ed  t h a t  c o a x i a l  c ab l e  communication systems in-  
corpora t ing  r e p e a t e r s  a r e  being t e s t e d  experimental ly  i n  t he  U.K.  A t  t h i s  
workshop l i t t l e  in format ion  on the  c o s t  and performance of t h i s  system was 
a v a i l a b l e .  Addi t iona l  u n c e r t a i n t i e s  i n  t he  performance and c o s t  eva lua t ion  
of t h i s  system a r e  in t roduced  by ques t ions  a s soc i a t ed  with t h e  r e l i a b i l i t y  
and m a i n t a i n a b i l i t y  of t he  r e p e a t e r s  t h a t  can r e a l i s t i c a l l y  b e  expected i n  
a  mine environment. 
2. - Future  Development Programs 
(a)  Short-Term 
Progress  achieved i n  Europe i n  t h e  development of t he  coax ia l  c ab l e  
communication systems mentioned above should be c a r e f u l l y  and con t inua l ly  
monitored and eva lua ted .  I n  p a r t i c u l a r , c o s t  e s t ima te s  and f u r t h e r  ope ra t i ng  
performance d a t a  should be  obtained a s  soon a s  pos s ib l e .  
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Nevertheless ,  European r e s u l t s ,  wh i l e  va luab l e  and t o  d a t e  encourag- 
i n g ,  cannot b e  d i r e c t l y  app l i ed  t o  t h e  d i f f e r e n t  environment of U.S. mines. 
I n  p a r t i c u l a r  i t  appears  imposs ib le  t o  i n s t a l l  communication cab les  i n  U.S. 
mines i n  t h e  l o c a t i o n s  recommended by European r e s e a r c h e r s .  S p e c i f i c a l l y  
cab les  w i l l  have t o  b e  i n s t a l l e d  c l o s e  t o  t h e  r i b s  o r  w a l l s  of t unne l s .  
Accordingly d i f f e r e n t  a t t e n u a t i o n  r a t e s ,  and correspondingly d i f f e r e n t  
optimum ope ra t i ng  f requenc ies  o r  t rade-of fs  between t h e  r a t e  of "leakage" 
of power and t o t a l  communication system length  may p r e v a i l  than  i n  t h e  
European s i t u a t i o n .  Experimental  i n v e s t i g a t i o n s  i n  U.S. mines wi th  t h e  
proposed European c o a x i a l  c ab l e  systems a r e  r equ i r ed  b e f o r e  t h e i r  app l i c -  
a b i l i t y  i n  t h i s  country can be  d e f i n i t i v e l y  confirmed o r  denied, and i f  
confirmed, o p e r a t i o n a l  s p e c i f i c a t i o n s  w r i t t e n  ( f requency,  des ign  of r a d i a t i v e  
s t r u c t u r e  o r  "leaky" o u t e r  conductor ,  and s o  f o r t h ) .  
(b) Long-Term 
A s  was d i scussed  i n  t h e  s e c t i o n  o:n UHF r a d i o ,  techniques  f o r  coupl ing  
c o a x i a l  c ab l e  systems t o  UHF r a d i o  commun~fcation should b e  i n v e s t i g a t e d .  
Simple Wire Sys tems (Europe) 
1. Wire P a i r s  
The t e c h n i c a l  f e a s i b i l i t y  of communic:ation v i a  waves propagated along 
w i r e  p a i r s  i s  w e l l  e s t a b l i s h e d ,  and t h e  coupl ing between and c h a r a c t e r i s t i c s  
of t h e  unbalanced and balanced modes of p ropaga t ion  a r e  w e l l  unders tood.  How- 
eve r  t h e  s e n s i t i v i t y  and l a c k  of r e s i s t a n c e  of s imple  w i r e  p a i r s  t o  t h e  d e l e t e r i -  
ous e f f e c t s  of t h e  mine environment ( d i r t ,  wa t e r ,  rough handl ing)  t end  t o  
r u l e  them o u t  a s  p r a c t i c a l  implementations of in-mine communication systems.  
2 .  S ing l e  Wire 
A s i n g l e  w i r e  communication system is  i m p r a c t i c a l  a s  a  s o l u t i o n  t o  a  
mines' o p e r a t i o n a l  communication needs a long haulageways o r  i n  s e c t i o n s ,  a l -  
though a  s i m i l a r  t ype  of communication system ope ra t i ng  i n  t h e  low frequency 
(LF) range ho lds  promise f o r  use i n  mine s h a f t s .  
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Low Frequency Radio i n  a  Hois t  Shaf t  (u. s .) 
Theore t i ca l  i n v e s t i g a t i o n s  a t  ADL have analyzed t h e  propagat ion of LF 
r a d i o  waves i n  deep (10,000 f e e t )  h o i s t  s h a f t s  i n  which the  h o i s t  c ab l e  is  
t h e  only metal  conductor p r e s e n t .  Propagat ion l o s s e s  of approximately 2dB 
over  10,000 f e e t  a t  f requenc ies  near  50 kHz have been computed. This  i s  
a  very encouraging r e s u l t .  
2. Fu ture  Development Programs 
(a )  Shor t-Term 
Two d i f f i c u l t i e s  wi th  r e s p e c t  t o  LF propagat ion i n  h o i s t  s h a f t s  
have been i d e n t i f i e d .  F i r s t l y ,  t h e  l a r g e  pene t r a t i on  of t he  wave i n t o  t h e  
rock o u t e r  conductor may p re sen t  a  problem with regard t o  coupling the  t r ans -  
m i t t e r  o r  r e c e i v e r  t o  t h e  t ransmiss ion  l i n e  with a  minimum of i n s e r t i o n  l o s s .  
The amount of t he  i n s e r t i o n  l o s s  t h a t  can be t o l e r a t e d  has  no t  y e t  been spec i -  
f i e d ;  i t  may b e  q u i t e  l a r g e ,  i n  view of t h e  remarkably low t ransmiss ion  l o s s e s  
ca l cu l a t ed .  The coupling problem m e r i t s  a t t e n t i o n  t o  determine,  f o r  example, 
how c l o s e l y  t o  t h e  t h e o r e t i c a l  d i s t r i b u t i o n  of t he  v e r t i c a l  component of cur- 
r e n t  d e n s i t y , i n  t h e  fundamental propagat ion mode, should t he  a c t u a l  d r i v i n g  
cu r r en t  be  d i s t r i b u t e d .  
Secondly, i n  o rde r  t o  minimize r e f l e c t i o n s ,  both ends of t h e  h o i s t  
cab le-shaf t t ransmiss  i on  sys  tem mus t be terminated i n  approximately t he  char- 
a c t e r i s t i c  impedance of the  t ransmiss ion  l i n e .  Fu r the r  work i s  needed t o  
r e so lve  t h e  ques t i on  of how, how w e l l ,  and how expensively matching termina- 
t i o n s  may b e  provided. 
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PART N I N E  
ADDITIONAL TECHNICAL SUPPORT AND CONSULTING SERVICES 
RELATED TO MINE COMMUNICATIONS AND MINER LOCATION 
INTRODUCTION 
Over and above t h e  t e c h n i c a l  suppor t  arid consu l t i ng  work desc r ibed  i n  
t h e  preced ing  P a r t s  o f  t h i s  Volume, ADL s t a f f  a l s o  provided a wide range 
of a d d i t i o n a l  t e c h n i c a l  a s s i s t a n c e  t o  t h e  Bureau on an ad hoc b a s i s  over  
t h e  course  of t h e  c o n t r a c t ,  and p a r t i c u l a r l y  i n  1973. Some of t h e s e  
ass ignments  were on t a s k s  t h a t  t emporar i ly  assumed a h igh  p r i o r i t y  a t  
PMSRC, r e q u i r i n g  a f a s t  response ,  while o t h e r s  were more s u i t e d  t o  con- 
v e n t i o n a l  schedules  b u t  on communication and l o c a t i o n  t o p i c s  l e s s  
d i r e c t l y  r e l a t e d  t o  t h o s e  i n  t h e  preceding P a r t s .  Chapter I b r i e f l y  
d e s c r i b e s  some of t h e  d i v e r s e  short - term assignments whi le  Chapters  I1 
through V t r e a t  ass ignments  on t h e  o t h e r  t o p i c s .  
I SHORT-TEXM ASSIGNMENTS 
A sampling of short - term,  fas t - response  assignments undertaken on mine 
communications and miner l o c a t i o n  f o r  PMSRC du r ing  1973 a r e  given below. 
These ass ignments  inc luded  t e c h n i c a l  reviews,  d i s cus s ions  and recommenda- 
t i o n s  r e l a t e d  t o  t h e  t h e o r y ,  exper imental  d a t a ,  de s igns ,  and hardware 
implementation of exper imenta l  CW and p u l s e  miner l o c a t i o n  EM t r a n s -  
m i t t e r s ;  p r epa ra t i on  o f  t e c h n i c a l  performance s p e c i f i c a t i o n s  f o r  a 
min i a tu r i zed  preproduc t ion  pro to type  CW e l ec t romagne t i c  l o c a t i o n  t r a n s -  
m i t t e r ;  review of  s p e c i f i c a t i o n s  f o r  a s e i smic  s i g n a l  d e t e c t i o n  exper i -  
mental  s t udy ;  p a r t i c i p a t i o n  i n  technica.1 d i s c u s s i o n s  and experiments  
wi th  PMSRC and equipment s u p p l i e r s  rega.rding t h e  UHF r ad io / r ad i ax -cab l e  
communications i n s t a l l a t i o n  i n  t h e  Bruceton mine; p a r t i c i p a t i o n  i n  an 
in formal  conference t o  d i s c u s s  mine co~ununicat ion and monitor ing needs 
and p re f e r ences  w i th  r e p r e s e n t a t i v e s  of  t h e  Bureau, mine o p e r a t o r s ,  and 
equipment manufac ture rs ;  p a r t i c i p a t i o n  i n  t e c h n i c a l  d i s c u s s i o n s  w i t h  
r e p r e s e n t a t i v e s  of  a U.S. mine o p e r a t o r  and CERCHAR* concerning t h e  
c h a r a c t e r i z a t i o n  of  f a u l t s  on t r o l l e y  l i n e s  and means of  improving t h e i r  
r a p i d  de tec t ion ;**  recommendation of s imple  s i g n a l ,  n o i s e ,  and ground 
f a u l t  measurements on mine phone l i n e s ;  review of an inexpensive auto-  
mat ic  te lephone d i a l e r ;  p r e l im ina ry  d i s cus s ions  r ega rd ing  t h e  f e a s i b i l i t y  
o f  adap t ing  and assembling a c o l l e c t i o n  of a v a i l a b l e  te lephone i n d u s t r y  
c a r r i e r  equipment f o r  i n s t a l l a t i o n  and t e s t  i n  an o p e r a t i n g  c o a l  mine; 
e v a l u a t i o n  of  a proposed c a l l  a l e r t  mine paging system; review of hardware 
des igns  and f u t u r e  exper iments  f o r  a mine communication s l e d ;  des ign  
c r i t i q u e  of a proposed s ix-channel  narrow-band FM vo ice  modem f o r  c a r r i e r  
communication on t h e  mine phone l i n e ;  p r epa ra t i on  of  t e c h n i c a l  performance 
* Labora to i r e  Du Centre  ~ ' ~ t u d e s  Et  Recherches D e s  Charbonnages De France.  
** ADL has  s i n c e  undertaken Contract  H0242004 t o  e v a l u a t e  t h e  f e a s i b i l i t y  
of a new t r o l l e y  f a u l t  d e t e c t i o n  concept which is  based on measuring 
t h e  d i f f e r e n c e  i n  c u r r e n t  between t h a t  drawn by a locomotive,  and /or  o t h e r  
l e g i t i m a t e  l o a d s ,  and t h e  c u r r e n t  supp l i ed  a t  t r o l l e y  f eed  p o i n t s .  
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and i n t e r f a c e  s p e c i f i c a t i o n s  f o r  a  h o i s t  s h a f t  radio  communication system 
f o r  deep s h a f t s  ; review of h o i s t  s h a f t  a t t enua t ion  l o s s  analyses and 
measurements conducted i n  h o i s t  s h a f t s ;  p a r t i c i p a t i o n  i n  design review 
meetings f o r  improved experimental and preproduction prototype CW loca- 
t i o n  t r a n s m i t t e r s ;  review of a  s p e c i f i c  patented voice bandwidth 
compression technique; and a prel iminary inves t iga t ion  and recommenda- 
t i o n s  regarding t h e  f e a s i b i l i t y  of a  slowed-down-speech bandwidth- 
compression method f o r  emergency through-the-earth voice communications. 
These short-term assignments usual ly  concluded with ve rba l  r epor t s  o r  
s h o r t  informal  r e p o r t s  o r  memoranda submitted t o  PMSRC. The following 
Chapters t r e a t  i n  a  more comprehensive manner the  o ther  mine communication 
and miner loca t ion  assignments mentioned i n  t h e  In t roduct ion  t o  t h i s  P a r t .  
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11. USER REQUIREMENTS AND THE DESIGN OF MINE COMMUNICATION SYSTEMS 
A .  INTRODUCTION 
During t h e  course of our work e a r l y  i n  1973, PMSRC asked us  t o  b r i e f l y  
o u t l i n e  a program f o r  iden t i fy ing  mine communications needs and t r a f f i c  
requirements f o r  the  purpose of designing t o t a l l y  in t eg ra ted  mine commun- 
i c a t i o n  systems.* Such systems would t i e  together  t h e  two major comunica- 
t i o n  a reas ;  t h e  f i r s t  a t  t h e  su r face  which i s  a communication network 
ty ing  toge the r  management, shops, storeis,  underground production f a c i l -  
i t i e s ,  and d ispatch;  and t h e  second whi.ch i s  an underground communication 
network ty ing  together  shops, s ec t ions  and working faces ,  haulage way 
veh ic l e s ,  and key miners on-the-move. The two p r i n c i p a l  ob jec t ives  of 
such in t eg ra ted  mine communications systems a r e  
(1) t o  provide increased s a f e t y  f o r  t h e  miners,  and 
(2) t o  provide increased product iv i ty  of t h e  mining opera t ions .  
This Chapter s e t s  f o r t h  some of t h e  b a s i c  p r i n c i p l e s  and s t e p s  commonly 
used i n  designing communications systems. Good communication system 
design genera l ly  s t a r t s  with i d e n t i f i c a t i o n  of user  requirements,  prog- 
r e s s e s  t o  syn thes i s  and comparative ana lys i s  of candidate systems, and 
then t o  t h e  hardware s p e c i f i c a t i o n  and d e t a i l e d  design s t age .  While i n  
many cases a communication system may be l imi t ed  by equipment c a p a b i l i t i e s ,  
never the less  t r u e  user  requirements sholuld be i d e n t i f i e d ,  even i f  some of 
them t u r n  out t o  be d i f f i c u l t  t o  s a t i s f y .  
The key t o  t h e  s p e c i f i c a t i o n  of any comnunications systems is  t h e  es tab-  
lishment of t h e  user  requirements,  t h a t  is  a determinat ion of t h e  gener ic  
needs of a l l  u se r s  of t h e  communications system. There a r e  s e v e r a l  aspects  
t h a t  a r e  e s s e n t i a l  t o  t h e  s tudy of use r  requirements.  One i s  a determina- 
t i o n  of t h e  t o t a l  t r a f f i c  t h a t  is generated from a l l  users  i n  t h e  system. 
This  t r a f f i c  can be quan t i f i ed  n o t  only i n  terms of t o t a l  t r a f f i c ,  but  a l s o  
i t s  time dependent a spec t s ,  s o  t h a t  busy hour t r a f f i c  loads  can be de ter -  
mined f o r  speci fy ing  the  t o t a l  number of channels required.  I n  add i t ion  
t o  t r a f f i c  and i ts  time dependence, the  a c t u a l  te rminals  (nodes) f o r  t h e  
messages communicated i n  t h e  system should be c l e a r l y  i d e n t i f i e d .  I n  
s i t u a t i o n s  such a s  coa l  mines where current  communication f a c i l i t i e s  e x i s t ,  
one cannot assume t h a t  the  t r u e  message te rminals  of t h e  system correspond 
exac t ly  t o  those t h a t  cu r ren t ly  e x i s t .  I n  f a c t  i t  may be t h a t  t h e  cu r ren t  
communication system is i n h i b i t i n g  t h e  a c t u a l  communication funct ion  by 
r e s t r i c t i n g  t h e  number of te rminals  i n  the  system. 
For example, i n  some mines t h e  d i spa tche r ' s  o f f i c e  i s  t h e  message te rminal  
poin t  on t h e  sur face .  However, i n  many cases a message i s  no t  meant 
u l t ima te ly  f o r  t h e  d ispatcher ,  but  is  i n  e f f e c t  relayed t o  some o the r  
su r face  f a c i l i t y  and personnel.  Therefore, a channel t o  ca r ry  t h a t  
message should n o t  necessa r i ly  terminate a t  t he  d ispatcher .  
* Col l ins  Radio Co. is  now conducting such a use r  requirements program 
f o r  t h e  Bureau under Contract H02320561. 
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To determine t h e  necessary  t e rmina l s  i n  a  communication system, and i n  
add i t i on  t h e  amount of t r a f f i c ,  an a n a l y s i s  of t h e  conten t  of t h e  a c t u a l  
messages t r ansmi t t ed  i n  t h e  system should be performed. This w i l l  iden- 
t i f y  t h e  u l t i m a t e  d e s t i n a t i o n  of t h e  messages, whether o r  no t  they a r e  
being re layed  through one of t h e  u s e r s  i n  t h e  system who i s  l o c a t e d  a t  a  
p r e sen t  t e rmina l ,  and t h e  average l e n g t h  of t h e  messages. The average 
message l eng th  and t h e  t o t a l  number of messages g ives  i n  e f f e c t  t h e  t o t a l  
t r a f f i c  handl ing  capac i ty  r equ i r ed .  A b r i e f  s tudy program has been out-  
l i n e d  below t o  ob t a in  t he se  d a t a  and i d e n t i f y  t h e  b a s i c  elements and 
o p e r a t i o n a l  c a p a b i l i t i e s  of a  system t h a t  would s a t i s f y  mine comrnunica- 
t i o n  requirements  from both  vo ice  and d a t a  s t andpo in t s .  
A s h o r t  u s e r  requirements  s tudy  should be performed t ak ing  a  s e l e c t e d  
number of mines, perhaps f o u r ,  and ana lyz ing  t h e i r  p r e sen t  communications 
a s  o u t l i n e d  below. 
B .  ACQUISITION OF KEY USER REQUIREMENT DATA AND INFORMATION 
1. A key ing red i en t  of  a  u s e r  requirements s tudy  i s  t h e  monitor- 
i n g  of a  mine 's  communications system f o r  a  per iod  of one day. 
This  could be  accomplished wi th  t h e  a i d  of a  t ape  r eco rde r ( s )  
b r idged  ac ros s  t h e  c u r r e n t  communication system. P e r t i n e n t  
information de r ivab le  from t h e s e  record ings  would inc lude :  
a .  t o t a l  number of messages dur ing  t h e  t o t a l  working s h i f t .  
b .  d e n s i t y  of messages per  u n i t  t ime;  t h i s  w i l l  be used t o  
determine peak t r a f f i c  requirements .  
c .  an a n a l y s i s  of t h e  average l e n g t h  of  messages by record ing  
t h e  s t a r t  and end t imes of a l l  messages dur ing  t h e  day. 
d .  an a n a l y s i s  of t h e  conten t  of t h e  messages, whereby one can 
determine t h e  types  of messages, t h e  sources  and u l t i m a t e  
r e c i p i e n t s  of  t h e  messages, and whether t h e s e  sources  and 
r e c i p i e n t s  a r e  a t  p r e sen t  t e rmina l s  (nodes) i n  t h e  commun- 
i c a t i o n  system o r  a t  some o t h e r  l o c a t i o n s  i n  t h e  mine. 
2 .  I n  a d d i t i o n  t o  t ape  recorder  d a t a  ga the r ing ,  key ope ra t i ng  
personnel  a t  t he  mines should be in te rv iewed t o  h e l p  determine:  
e 
a .  t h e i r  s p e c i f i c  underground and s u r f a c e  communication needs;  
b .  t h e i r  eva lua t ion  of t h e  presen t  methods of mine communication; 
c .  t h e i r  sugges t ions  of b e t t e r  methods of mine communication; 
d .  t h e i r  opinion a s  t o  whether some messages now t r ansmi t t ed  by 
voice  communications could be  s e n t  au toma t i ca l l y  i n  a  for -  
matted manner, s o  t h a t  cu r r en t  vo ice  communication t r a f f i c  
could be reduced. 
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3.  Addi t iona l  i n t e rv i ews  wi th  key ope ra t i ng  personnel  should be 
conducted t o  determine similar needs wi th  regard t o  monitor ing 
of mine environmental  parameters  and product ion.  Respondents 
should b e  asked t o  i d e n t i f y :  
a .  what mine ope ra t i ons  r e q u i r e  monitor ing a t  p r e s e n t ,  which 
new ope ra t i ons  i n  t h e  mine would be  u s e f u l  t o  monitor i n  
t h e  f u t u r e ,  and what k ind  of  monitoring system would be 
u s e f u l .  
b .  >?hat parameters  o f  s p e c i f i c  mine ope ra t i ons  should be mon- 
i t o r e d ,  t h e  t o t a l  number of monitor ing s t a t i o n s  and t h e i r  
l o c a t i o n s ,  what parameter  va lues  would b e  meaningful,  and 
whether any of t h e  monitor ing could be done p e r i o d i c a l l y  a s  
opposed t o  cont inuous ly ,  o r  on an except ion  b a s i s ,  whereby 
a s i g n a l  would be  s e n t  only i f  a va lue  f e l l  o u t s i d e  pre-  
s c r i b e d  l i m i t s .  
c .  what p r e sen t  vo i ce  messages s e n t  on t h e  communications 
system could be advantageously formatted f o r  coded d e l i v e r y  
v i a  a monitor ing system. 
C .  ANALYSIS OF DATA AND FORMULATION OF TRAFFIC AND PERFORMANCE REQUIREMENTS 
The informat ion  and d a t a  ob ta ined  from t h e  above in t e rv i ews  and t a p e  record- 
i ngs  should then be analyzed t o  determin-e: 
a .  t h e  c u r r e n t  and f u t u r e  c o m u n i c a t i o n s  t r a f f i c  and t h e  re- 
qu i r ed  number of channels  t o  suppor t  t h i s  t r a f f i c  . 
b .  t h e  message t e rmina l  (node) p o i n t s  f o r  t h e  communication 
channels  determined i n  a. above. 
c .  t h e  need f o r  p r i v a t e  communication channels and t h e i r  term- 
i n a l  p o i n t s .  
d. some estimate of  t h e  a c t u a l  t ransmiss ion  performance spec- 
i f i c a t i o n s  r equ i r ed  f o r  t h e  mine communication system. * 
e.  what key elements i n  t h e  mine should be  monitored. 
f .  t h e  number of channels  r equ i r ed  t o  suppor t  monitor ing t r a f f i c .  
g. t h e  r equ i r ed  t e rmina l  p o i n t s  i n  t h e  monitor ing system. 
* ADL i s  conduct ing i n v e s t i g a t i o n s  f o r  t h e  Bureau r e l a t e d  t o  t h e  f u t u r e  
development of g u i d e l i n e s ,  s t anda rds  and p r a c t i c e s  f o r  mine communica- 
t i o n s  under Cont rac t  H0133038. 
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D .  SYNTHESIS OF CANDIDATE SYSTEMS 
Once t h e  a n a l y s i s  i n  C .  has  been completed and a  review made of  a l l  t h e  
d a t a  and documentation obta ined  under B .  and C .  above, s e v e r a l  candida te  
systems could then  be  synthes ized  t o  meet t h e  needs and requirements ,  
thereby i d e n t i f y i n g  t h e  t e rmina l  p o i n t s ,  t h e  channels r equ i r ed ,  t h e  oper- 
a t i n g  f e a t u r e s  of t hose  channels ,  and suggested methods of mul t ip lex ing  
a d d i t i o n a l  vo ice  and/or  monitor ing channels on to  t h e  system. This w i l l  
r e q u i r e  some i t e r a t i o n  and a  comparative a n a l y s i s  of t h e  candida te  systems. 
During t h i s  p roces s ,  t h e r e  w i l l  b e  a  s u b s t a n t i a l  amount of i n t e r a c t i o n  
between t h e  system s y n t h e s i s  and u s e r  requirement t a s k s  s o  t h a t  perform- 
ance and c o s t  t r a d e o f f s  can be made between t h e  two. From t h i s  a n a l y s i s ,  
a  p r a c t i c a l  and economically sound system(s)  t a i l o r e d  f o r  use  i n  mines can 
then  be  determined. 
I n  t h i s  p roces s ,  answers should be found t o  s e v e r a l  important  ques t i ons  
r e l a t e d  t o  improving t h e  e f f i c i e n c y  and s a f e t y  of mine ope ra t i ons ,  such 
a s :  i s  a  PABX r e a l l y  needed t o  support  c u r r e n t  and f u t u r e  mine commun- 
i c a t i o n s ? ;  i s  d i a l  swi tch ing  r e a l l y  necessary  f o r  point- to-point  commun- 
i c a t i o n  i n  t h e  mine?; what system conf igu ra t i ons  a r e  b e s t  s u i t e d  f o r  
r e l i a b l e  mine communications?; what f e a t u r e s  should each t e rmina l  u n i t  
i n  t h e  mine have t o  support  t h e  u s e r  requirements?;  i s  d i r e c t  two-way 
communications t o  t h e  f ace  r equ i r ed  on a  real- t ime b a s i s ? ;  which monitored 
parameters  c o n t r i b u t e  most t o  increased  product ion and which t o  i nc reased  
s a f e t y ? ;  and what a r e  t h e  f u t u r e  t r e n d s  i n  mine communication and monitor ing? 
E. HARDWARE SPECIFICATION 
Given well-documented use r  requirements and s e v e r a l  candida te  communication 
systems,  hardware can then be s p e c i f i e d  and eva lua ted  t o  implement s p e c i f i c  
systems. Determinations can then be made whether t h e  channels should be  
vo i ce ,  d a t a ,  o r  r a d i o  channels ,  o r  o t h e r  means of communication; whether 
they should be one-way (simplex) o r  two-way, and whether t h e  t e rmina l s  
should be  a t  f i x e d  l o c a t i o n s  o r  mobile. This  hardware s p e c i f i c a t i o n  s t a g e  
w i l l  a l s o  i n t e r a c t  s t r o n g l y  with t h e  f i r s t  two a c t i v i t i e s ;  u s e r  requi re -  
ments and systems s y n t h e s i s .  Indeed, i n  many cases  t h e  t r ade -o f f s  and t h e  
compromises t o  be made i n  implementing a  communication system i n  hardware 
can be s u b s t a n t i a l  i n  o rde r  t o  o b t a i n  a  p r a c t i c a l  working system t h a t  meets 
s p e c i f i c  needs.  
F. CONCLUDING REMARKS 
The program o u t l i n e d  above should go a  long way towards he lp ing  e s t a b l i s h  
some s p e c i f i c  des igns  f o r  i n t e g r a t e d  mine communications systems. The 
fol lowing Addendum l i s ts  i n  o u t l i n e  form, s e v e r a l  key a r e a s  t h a t  should 
r ece ive  a t t e n t i o n  i n  t h e  u s e r  requirements  and t r a f f i c  s tudy .  This  l i s t ,  
which i s  not  meant t o  be complete, should be used i n  conjunct ion wi th  t h e  
i tems l i s t e d  under A and B above a s  a  s t a r t i n g  po in t  f o r  t h e  d e t a i l e d  
design of i n t e g r a t e d  communications systems t a i l o r e d  s p e c i f i c a l l y  f o r  
mine a p p l i c a t i o n s .  
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ADDENDUM 
USER REQUIREMENTS AND TRAFFIC STUDY 
PRELIMINARY LIST OF ITEMS TO BE CONSIDERED 
I. Message 
A. Type 13 . 
1. Voice 
2. Data 
3. Des t ina t ion  
a .  To a  person 
b. To a  group 
c .  To a n  a r e a  
d.  To a  machine 
e .  Acknowledgment requi red  
4. Message l i f e  
11. Environment 
A. Normal ope ra t  ions  
B. Peak cond i t i ons  
C. Emergency cond i t i ons  
D .  Sur face  o r  Sub-surface 
Content 
1. Pub l i c  
2. P r i v a t e  
3. Routine 
4. Adminis t ra t ive  
5. Opera t iona l  
6. S t a t u s  
7. P r i o r i t y  
8. Emergency 
I d e n t i f y  a l l  t e rmina l  p o i n t s  (sources  and r e c i p i e n t s  f o r  a l l  messages).  
A. Sur face  network which inc ludes :  
1. Shop-stores 
2. Product ion and Dispatch 
Check on need f o r  o t h e r  t e rmina l  p o i n t s  i n  s u r f a c e  f a c i l i t i e s .  
Also a b i l i t y  t o  t a l k  over switched network o r  r ad io .  
B. Subsurface network may inc lude :  
1. Shops 
2. Haulage system 
3. Sec t ions ,  inc lud ing  working f a c e  a r e a  
C .  Mobile Terminals 
1. On haulage v e h i c l e s  
2. Personnel te rmina ls  (on Foreman & o t h e r  superv isory  personnel )  
D.  Fixed Terminals 
1. Wall phones 
2. Wall loudspeakers  
3. v i s u a l  / aud ib l e  d i s p l a y s  
E. Environmental Terminals 
1. Methane d e t e c t o r s  
2. Temperature, A i r  Flow, Smoke, CO,  e t c .  
3. Vehicle  l o c a t i o n  and c o n t r o l  s enso r s  
I V .  Channels 
A. Type (communication f a c i l i t i e s  - wires ,  r a d i o ,  e t c . )  
1. P r i v a t e  w i th  key a c t u a t i o n  
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2. P u b l i c  w i t h  p a r t y  l i n e  f e a t u r e s  
3. P u b l i c  a d d r e s s  
4. Dedicated f o r  d a t a  
B. P h y s i c a l  - Determine b e s t  r o u t i n g  of communications f a c i l i t i e s .  
1. For e a s e  of  i n s t a l l a t i o n  and maintenance 
2 .  I n t e g r i t y  d u r i n g  emergency 
3. P o s s i b l e  loop  systems 
C .  Grade of S e r v i c e  
1. Voice g r a d e  
2. Data g r a d e  
3. CCITT o r  AT&T s t a n d a r d s  ( q u a l i t y )  
4. Noise environment a t  t e r m i n a l s  
V. T r a f f i c  
A .  Volume 
1. How much and how o f t e n  
2.  Peak h o u r l y  t r a f f i c ,  e . g . ,  around a  s h i f t  change 
B .  Timing 
1. Hourly a n d / o r  s e a s o n a l  v a r i a t i o n s  
2.  T o l e r a b l e  message d e l a y  (queue) 
Arthur D Little, Inc 
111. ON MODELS, DISPLACEMENT CURRENTS AlND CONDUCTION CURRENTS 
The t h e o r e t i c a l  work on through-the-earth communications and miner loca- 
t i o n  by electromagnetic  methods has crea ted  an i n t e r e s t  i n  the  s i z e  of 
the  e r r o r s  introduced by neglec t ing  dislplacement cu r ren t s  r e l a t i v e  t o  
conduction cu r ren t s  and a l s o  i n  the  sub jec t  of s c a l e  modeling with regard 
t o  mine overburdenjair  i n t e r f a c e  app l i ca t ions .  Since we had t o  address 
these  sub jec t s  on a pas t  government p ro jec t  i n  1968, with regard t o  a 
sea-water/air  i n t e r f a c e  scale-modeling app l i ca t ion ,  we have appropr ia te ly  
e d i t e d  some of our pas t  memoranda t r e a t i n g  these  s u b j e c t s ,  and included 
them i n  t h i s  Chapter a s  a ready reference .  The r e s u l t s  can be appl ied  
t o  t h e  miner loca t ion  and comunica t ion  work by s u b s t i t u t i o n  of t h e  
appropr ia te  overburden parameter values i n t o  t h e  equations.  
A. BACKGROUND 
Questions have a r i s e n  about t h e  s i z e  of the  e r r o r s  t h a t  may be incurred  
should "non-ideal" s c a l e  models be used ,  To answer these  ques t ions ,  we 
have taken a look a t  t h e  p o t e n t i a l  u t i l i t y  of models with respect  t o  
app l i ca t ions  involving conducting ob j ect:s s t r a d d l i n g  t h e  a i r / s e a  water  
i n t e r f a c e .  We looked a t  each of t h e  media sepa ra te ly  with the  purpose 
of i d e n t i f y i n g  those combinat ions of corldit ions  t h a t  might allow the  
use of s i n g l e  and mixed media models with an acceptably smal l  r e s u l t -  
an t  e r r o r .  
B.  FIELD EOUATIONS I N  NORMALIZED FORM 
Consider t h e  c u r l  Maxwell f i e l d  equations i n  l i n e a r ,  uniform, i s o t r o p i c  
media 
where J i s  an independent source current  dens i ty .  For s inuso ida l  exci ta -  
t i o n ,  (Pa,b) reduces t o  
These Equations (2a,b) can be f u r t h e r  combined by taking the  c u r l  of one 
of them and s u b s t i t u t i n g  the  o the r  i n t o  the  r e s u l t .  Taking the  c u r l  of 
(2b) f o r  t h e  magnetic f i e l d  
* References t o  Figures,  Tables,  and Equations apply t o  those i n  t h i s  
Chapter unless  otherwise noted.  
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Since 
- - 
and V x E = -jwpH, 
Equation (3) reduces to 
r- 1 
- 
which is the vector Hemholtz wave.equation for H. Similarly for the electric 
field : 
- - 
V x V x E = -jwp (V x H). 
- 
V E = 0 in charge-free, uniform, isotropic media, and 
- 
v X H =  ( o +  jwe) E + J  
S 
Equation (6) reduces to: 
--I - 
the vector Hemholtz equation for E. 
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These equations can also be rewritten in dimensionless form by 
using 
length = L = L L, frequency = w = woR . 
0 
U - R E - E' = - I! H' = - L = -  W -  R=-- S , J f  = .- 
h' , and V e' 
Lo ' W o s js L 
represent the dimensionless fields and other quantities simply normalized 
to some characteristic value or dimension of the problem. For example, L 
is a dimensionless length where L may represent a full-scale characteristic 
0 dimension of a typical object, R 1s a dimensionless frequency where w 
0 
may represent the full-scale center frequency of excitation, and VL is 
the normalized del operator. We now can substitute the above expressions 
(11) into the curl and wave equations to get 
These are the pertinent field equations expressed in a general normalized 
form that can be used conveniently to discuss scaling considerations. 
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For emphasizing the relative importance between conduction and 
displacement currents in a particular medium, it is useful to express 
the equations in terms of the ratios or & depending on whether the 
medium is predominantly conducting or not respectively 
1. Conducting Media 
To em hasize the relative importance of displacement to conduction 
W: currents (7) in primarily conducting media, Equations (13) and (14) can 
be rewritten in the convenient form below. 
and 
Examination of Equations 16 and 17 reveals that the normalized solutions 
will remain unchanged so long as the terms 
E W  




C1' o - C2, EO(f) = C3, and !L2 0 w o p(y)=. C4 
remain constant with any c:;ange in dimensions, frequency or material con-- 
stants. Substituting for these constants in the electric and magnetic 
field Equations (16) and (17) we get 
and 
(1) Similar treatments can be found in the book "Antenna Theory" by 
Schelkunoff and Friis, and in the Proc. IRE Nov. 1948, "Theory of 
Models of Electromagnetic Systems" by George Sinclair. 
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The requ i rement  t h a t  a l l  f o u r  of t h e s e  terms remain c o n s t a n t  d u r i n g  
any s c a l i n g  o p e r a t i o n s  l e d  t o  t h e  s c a l i n g  r e s t r i c t i o n s  on m a t e r i a l  proDer- 
t i e s  d i s c u s s e d  i n a  p r e v i o u s  ADL memo on models. These r e s t r i c -  
t i o n s  become p a r t i c u l a r l y  s e v e r e  i n  view of s c a r c i t y  of magnet ic  l i q u i d s ,  
and t h e  d i f f i c u l t y  o f  o b t a i n i n g  h igh-conduc t iv i ty  l i q u i d s  t h a t  a r e  n o t  
a l s o  ex t remely  c o r r o s i v e .  A b r i e f  summary of t h e  n a t u r e  o f  h i g h  conduc- 
t i v i t y  l i q u i d s  has  been i n c l u d e d  a s  Appendix A f o r  a  ready r e f e r e n c e .  How- 
e v e r  l e t  us now re-examine t h e  r e s t r i c t i o n s  imposed by modeling when t h e  
accuracy  requ i rements  , a re  r e l a x e d  a  l i t t l e  a l l o w i n g  c e r t a i n  terms i n  t h e  
wave e q u a t i o n  t o  be  n e g l e c t e d .  
I n  conduc t ing  media when t h e  conduct ion c u r r e n t  i s  much l a r g e r  t h a n  
t h e  d i sp lacement  c u r r e n t ,  t h e  c o n s t a n t  C 2  can become n e g l i g i b l e  compared 
t o  u n i t y .  I f  t h e  normal ized f requency  m u l t i p l i e r  R a l s o  does n o t  d e v i a t e  
enough from u n i t y  t o  make t h e  f a c t o r  C R a p p r e c i a b l e  compared t o  one,  
2  
t h e n  t h e  f a c t o r  C2R can b e  ignored  f o r  s c a l i n g  c o n s i d e r a t i o n s  i n v o l v i n g  
conduc t ing  media complete ly  surrounded by conduc t ing  boundar ies .  
I n  m e t a l s  C2R w i l l  always b e  n e g l i g i b l e  f o r  any p r a c t i c a l  f requen-  
c i e s  of i n t e r e s t .  However, i n  normal s e a  w a t e r  
c2 R = we/o = woRc/o a f ( i n  k c )  x  1.1 x l o m 6  
f o r  E = 8 1 ~ ~ :  o  = 4 mho/m. T h e r e f o r e ,  C2R w i l l  s a t i s f v  an a r b i t r a r y  
s m a l l n e s s  criterion of l e s s  thanO.OO1 o n l y  when t h e  upper l i m i t  
of  t h e  s i g n a l  f requency band does  n o t  exceed 900 kc .  
max ( s e a  
S ince  t h e  maximum f requency-spread- fac to r  expec ted  about  t h e  s i g n a l  c e n t e r  
f requency  i s  1 0 ,  t h e  c e n t e r  f requency sh.ould n o t  exceed 90 kc  f o r  C7R t o  
remain l e s s  t h a n  0.001. When t h e  c e n t e r  f requency  remains  below 
90 k c ,  t h e  e q u a t i o n s  can t h e n  b e  w r i t t e n .  t o  good approximat ion a s  
* For  c o a l  mine overburdens  w i t h  r e p r e s e n t a t i v e  v a l u e s  o f  E = 5&, and 0 = lo-* 
W E  < 0.001 w i l l  n o t  b e  exceeded i f  t h e  mho/m, t h e  smallness c r i t e r i o n  of --. 
0 
f requency  fomax, does  n o t  exceed 37 k c  (kHz). 
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where 
s s 
C1 = k2w pa ,  
C3 
= k ( -  and C4 = k2w p ( y )  
0 0 0 h  0 0 
S ince  our  i n t e r e s t  i s  i n  t h e  magnetic f i e l d , * l e t  us  now look  a t  t h e  
modeling r e s t r i c t i o n s  imposed i f  bo th  t h e  form and t h e  a b s o l u t e  va lue  of 
t h e  magnetic f i e l d  i s  t o  be  p rese rved  i n  a  s c a l e  model wi thout  changing 
t h e  a  and p p r o p e r t i e s  of a  conduct ing medium such a s  s e a  wate r .  To s c a l e  
t h e  s i z e  go by a  f a c t o r  of 1 / S ,  t hen  r e q u i r e s  t h e  f requency w o  t o  be  s c a l e d  
by t h e  f a c t o r  s2 and t h e  c u r r e n t  d e n s i t y  js t o  be  s c a l e d  by t h e  f a c t o r  S. 
The s2 s c a l i n g  of w, corresponds t o  a  s c a l i n g  f a c t o r  11s wi th  r e s p e c t  tp_, 
wavelength s i n c e  wavelength i n  a  conduct ing medium i s  given by hc = 2~il*. 
(The S s c a l i n g  of c u r r e n t  d e n s i t y  js corresponds t o  a  1 /S  s c a l i n g  of c u r r e n t  
is s i n c e  js = Is . ) 
a r e a  
However, by n e g l e c t i n g  C2 and u s ing  t h e  above s c a l i n g  procedure  i n  
o r d e r  t o  keep t h e  magnetic f i e l d  t h e  same i n  t h e  model, we have s a c r i f i c e d  
an exac t  s c a l i n g  i n  t h e  e l e c t r i c  f i e l d  s i n c e  t h e  C4 term i n  Equat ions  (21b) 
does no t  remain cons t an t  b u t  g e t s s c a l e d  by a  f a c t o r  S. Examination of 
Equat ion (14) shows t h e  d i r e c t  e f f e c t  of t h i s  on t h e  e l e c t r i c  f i e l d ;  namely 
t h e  e l e c t r i c  f i e l d  e  i n  t h e  model w i l l  b e  s c a l e d  by an unwanted f a c t o r  S. 
Consequently e l e c t r i c  f i e l d s  measured i n  such models of conduct ing media 
must be  m u l t i p l i e d  by a  f a c t o r  1 /S  t o  o b t a i n  f u l l - s c a l e  v a l u e s ,  a  sma l l  
inconvenience i n  ou r  in tended  a p p l i c a t i o n s .  
I n  t h e  in tended  a p p l i c a t i o n ,  t h e  f u l l - s c a l e  h i g h e s t  f requency should 
no t  have t o  exceed a  va lue  of about  5 kc ,  based on a t t e n u a t i o n  and detec-  
t i o n  c o n s i d e r a t i o n s .  Using t h e  factor-of-10 v a r i a t i o n  from c e n t e r  f r e -  
quency c r i t e r i o n ,  t h e  r e f e r e n c e  c e n t e r  f requency i s  then  s e t  t o  500 cps .  
The maximum a l l owab le  s c a l i n g  f a c t o r  s a t i s f y i n g  t h e  above cond i t i ons  can 
t hen  be  found by forming t h e  r a t i o  
* T h i s  is a l s o  t r u e  i n  t h e  miner l o c a t i o n  a p p l i c a t i o n  s i n c e  t h e  miner ' s  s i g n a l  
sou rce  is  a cur ren t - fed  loop  of w i r e .  
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c e n t .  f r e q .  
r e s u l t i n g  i n  a  s c a l i n g  f a c t o r  of 
A 10 t o  1 s c a l i n g  looks  p romis ing ,  b u t  a  s c a l i n g  f a c t o r  on t h e  o r d e r  of 20 
t o  1 is a  more p r a c t i c a l  and conven ien t  g o a l .  Such a  s c a l e  f a c t o r  would 
r e q u i r e  a n  fpmax of 2  megacycles ,  the reby  i n c r e a s i n g  t h e  w ~ / a  term t o  0.002. 
Though t h i s  1s s t i l l  n o t  a  l a r g e  q u a n t i t y ,  e s t i m a t e s  were made of t h e  e r r o r s  
i n t r o d u c e d  when v a l u e s  of wc/a up t o  0.01- Bre n e g l e c t e d  i n  t h e  wave e q u a t i o n s .  
A b r i e f  a n a l y s i s  f o r  b o t h  h igh  and low l o s s  media has  been inc luded  i n  
Appendix B a t  t h e  end of t h i s  memo f o r  ready r e f e r e n c e .  Though f a r  from a  
d e f i n i t i v e  t r e a t m e n t  of t h e  m a t t e r ,  i t  i n d i c a t e s  t h a t  e r r o r s  w i l l  b e  incon- 
s e q u e n t i a l  i n  most low-loss d i e l e c t r i c  media,  and c e r t a i n l y  t o l e r a b l e ,  (on 
t h e  o r d e r  of 5%) i f  no t  i n c o n s e q u e n t i a l ,  i n  conduc t ing  media even when v a l u e s  
of wc/a a s  h i g h  a s  0 .01 a r e  n e g l e c t e d . *  T h e r e f o r e ,  t h e  a r b i t r a r y  s m a l l n e s s  
c r i t e r i o n  of 0.001-0.002 chosen f o r  n e g l e c t i n g w d o  should give n For- than 
a d e q u a t e  e r r o r  margin.  
2.  Low-Loss D i e l e c t r i c  Media 
I f  t h e  problem i n v o l v e s  t h e  p r e s e n c e  of non-conducting o r  p o o r l y  
conduc t ing  media a l s o ,  t h e n  t h e  Maxwell e q u a t i o n s  i n  t h e s e  media must a l s o  
be  s a t i s f i e d  s i m u l t a n e o u s l y  f o r  t h e  d e s i r e d  s c a l e  f a c t o r s .  When t h e  conduc- 
t i o n  c u r r e n t  can b e  cons idered  s m a l l  compared t o  d i sp lacement  c u r r e n t s  i n  a  
medium ( O / W E  << l ) ,  Equat ions  (14) and (15) can be  r e w r i t t e n  i n  t h e  form 
* A v a l u e  of 5 9 . 0 1  g i v e s  a n  fomax=370 k c  f o r  t h e  p r e v i o u s l y  s t a t e d  mine 
overburden paramete r  v a l u e s .  T h i s  maximium frequency t r a n s l a t e s  i n t o  a 
maximum d imens iona l  s c a l e  f a c t o r  o f  11 f o r  modeling t h e  overburden w i t h o u t  
an  a i r  i n t e r f a c e ,  f o r  a f u l l - s c a l e  3 k c  a p p l i c a t i o n ,  when changing o n l y  t h e  
o p e r a t i n g  f requency  and p h y s i c a l  s i z e  b u t  n o t  t h e  overburden material 
e l e c t r i c a l  c h a r a c t e r i s t i c s  f o r  t h e  model. 
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where 
s s - -  a c3 = a (-), c4 = e i ~ u  (-1, c5 - and c = e2u2~p, 
o h o e 6 o o 
0 
so that 
In a vacuum, a = 0, so that C becomes identically zero, and inde- 
5 
pendent of frequency and scaling considerations. In most dielectries, a 
will still be small but perhaps not always small enough for 4 to also uo€R 
satisfy an arbitrary smallness criterion of 0.001 for all frequencies 
of interest. In our applications the most important dielectric will be the 
air above the water surface interface; and we will use the arbitrary small 
value of o = 10-l5 mho/m which assumes a loss tangent tan 6= (ratio of 
conduction to displacement current in air) at 1 kc. Then C / R  becomes 
5 
C5 - G - =tan 6 = - -  1.8 x lo-' 
R w QE £(in kc) ' 
0 
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and C , / R  w i l l  s a t i s f y  t h e  s m a l l n e s s  c r i t e r i o n  o f  l e s s  t h a n  9 .001 
s o  loGg a s  t h e  lower  l i m i t  o f  t h e  s i g n a l  f r e q u e n c y  band does  n o t  go below 
0 .02  cps  t h e r e b y  c o n f i n i n g  t h e  c e n t e r  f r e q u e n c y  t o  remain  above 0 .2  c p s  
f o r  a  1 0  t o  1 bandspread  s i g n a l .  S i n c e  we d e s i r e  r e d u c e d - s i z e  models  
r e q u i r i n g  i n c r e a s e s  i n  f r e q u e n c y ,  and minimum f u l i - s c a l e  f r e q u e n c i e s  a r e  
e x p e c t e d  t o  b e  above 50 c p s ,  C 5 / R  w i l l  a lways  b e  n e g l i g i b l e  f o r  a i r .  I f  
o t h e r  d i e l e c t r i c s  a r e  r e q u i r e d 4 i n  a  model t h e y  must  b e  s u b j e c t e d  t o  t h e  
(C5/R) s m a l l n e s s  t e s t  b e f o r e  t h e y  can  be  used  w i t h  c o n f i d e n c e .  When t h e  
C 5 / Q  t e rm can b e  n e g l e c t e d ,  Equa t ions  (27)  and (28)  r e d u c e  t o :  
where  
js js C = $ ' W ~ E ~ , .  C3 = go (h) and C4 = $EPu (-) 6 0 0  o e  
Again o u r  i n t e r e s t s  a r e  ma in ly  w i t h  t h e  magne t i c  f i e l d .  T h e r e f o r e ,  
we f i n d  t h a t  t o  s c a l e  t h e  s i z e  to by a  f a c t o r  1 / S  w i t h o u t  changing t h e  E 
and p p r o p e r t i e s  of  an  a i r  medium, and w h i l e  p r e s e r v i n g  t h e  form and mag- 
n i t u d e  of t h e  H- f i e ld  i n  t h e  models ,  w e  must s c a l e  t h e  f r equency  w, by a  
f a c t o r  S_ ( a g a i n  c o r r e s p o n d i n g  t o  a  s c a l i n g  of  t h e  wave leng th  by a  f a c t o r  
1 / S  a s  i n  t h e  conduq-t ing c a s e ) ,  and we must s c a l e  t h e  c u r r e n t  d e n s i t y  js 
a g a i n  by a  f a c t o r  S  a s  i n  t h e  c o n d u c t i n g  c a s e .  However, u n l i k e  t h e  con- 
d u c t i n g  c a s e ,  t h e  form and magni tude  oE t h e  e l e c t r i c  f i e l d  does  n o t  g e t  
s a c r i f i c e d  i n  t h e  model ,  s i n c e  Cq a l s o  remains  c o n s t a n t  i n  l o s s l e s s  media 
when b o t h  w ,  and js a r e  s c a l e d  l i n e a r l y .  T h i s  i s  t h e  well-known and 
commonly used  s c a l i n g  p r o c e d u r e  f o r  l c s s l e s s  media .  
3 .  Mixed Media 
The model ing  o f  g e o m e t r i e s  i n v o l v i n g  o n l y  good-conduct ing  o r  norl- 
conduc t ing  m a t e r i a l s  i s  r e l a t i v e l y  s t f r a i g h t f o r w a r d .  Each can  b e  s imply  
accompl i shed  w i t h o u t  t h e  need t o  change m a t e r i a l  p r o p e r t i e s  i n  t h e  model 
bv s c a l i n g  t h e  f r e q u e n c y  a c c o r d i n g  t o  t:he f i r s t  o r  second power of t h e  i n v e r s e  
of t h e  d i m e n s i o n a l  s c a l i n g  f a c t o r  (11s )  f o r  non-conduct ing  o r  conducf lng  
media r e s p e z ~ i v e l y .  On t h e  o t h e r  hand ,  p r o b l e m  i n v o l v i n g  b o t h  t y p e s  o f  
n e d i a  c a n  p o s e  s e r i o u s  model ing  d i f f i c u l t i e s ,  s i n c e  t h e s e  c a s e s  w i l l  
u s u a l l > -  r e q u i r e  i m p o r t a n t ,  b u t  u n a t t a i n a b l e ,  changes  i n  m a t e r i a l  p r o p e r t i e s  
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t o  produce t h e  p roper  model. Such i s  t h e  c a s e  f o r  o u r  a p p l i c a t i o n  invo lv-  
i n g  a  f i n i t e  m e t a l  o b j e c t  s t r a d d l i n g  an  i n f i n i t e  i n t e r f a c e  between a i r  
and s e a  w a t e r ,  and a  s o u r c e  l o c a t e d  beneath  t h e  i n t e r f a c e  i n  t h e  s e a  
w a t e r .  I n  t h i s  problem, t h e  c o n s t a n t s  CbJ= 2goopwow f o r  s e a  wa te r  and 
6 ~ '  & & A $ E ~ ~ ~  f o r  a i r  a r e  t h e  c r i t i c a l  ones t h a t  impose c o n f l i c t i n g  s c a l -  
i n g  requ i rements .  CIM= k g ~ , p ~ o ~  f r  t h e  o b j e c t  w i l l  n o t  pose a  s i g n i f i -  
c a n t  modeling problem i n  t h e  in tended  a p p l i c a t i o n  since % >> ow. 
To s a t i s f y  t h e  a i r  requirement  C6 withou t  changing t h e  a i r ' s  m a t e r i a l  
c o n s t a n t s  s imply r e q u i r e s  an  S  s c a l i n g  of f requency f o r  an  1 / S  s c a l i n g  of 
dimensions.  S ince  t h e  f requency i s  common t o  b o t h  media,  t h e  p roduc t  
pwow must a l s o  b e  s c a l e d  b y S * t o  m a i n t a i n  C1 c o n s t a n t  i n  t h e  model ' s  " sea  
water1 '  medium. 
For a  1 /20  s c a l e  model (S = 2 0 ) ,  pwow must be  i n c r e a s e d  by a  f a c t o r  
of 20. I f  n o t ,  t h e  model w i l l  correspond t o  a  f u l l - s c a l e  c a s e  i n  f r e s h  
w a t e r ,  which w i l l  be  of q u e s t i o n a b l e  v a l u e .  Use of a  magnet ic  s o l i d  o r  
powder such a s  f e r r i t e  f o r  t h e l ' s e a  w a t e r l ' i n  t h e  model i s  most u n a t t r a c t i v e  
from a  p r a c t i c a l  s t a n d p o i n t ,  a s  i s  a  s o l i d  o r  powdered m e t a l  mix ture  t o  
i n c r e a s e  t h e  pwow produc t .  On t h e  o t h e r  hand, l i q u i d s  w i t h  adequa te  
n a t u r a l  magnet ic  and /or  conduct ing p r o p e r t i e s  a r e  e i t h e r  n o t  a v a i l a b l e  
o r  hazardous  f o r  u s e  i n  models . Another a l t e r n a t i v e  might b e  t o  suspend 
s m a l l  magnet ic  p a r t i c l e s  i n  s e a  wa te r  i t s e l f .  But t h e  d i f f i c u l t i e s  invo lved  
w i t h  mechanical  stirrers e t c .  r e q u i r e d  t o  m a i n t a i n  t h e  u n i f o r m i t y  and 
r e q u i r e d  d e n s i t y  of p a r t i c l e s  throughout  t h e  model t a n k  a l s o  make t h i s  
a l t e r n a t i v e  i m p r a c t i c a l  and u n a t t r a c t i v e  f o r  t h e  in tended  a p p l i c a t i o n .  
S ince  an adequa te  s u b s t i t u t e  f o r  s e a  w a t e r  i s  n o t  p r a c t i c a l , * *  another 
modeling approach c o n s i s t s  i n  s a t i s f y i n g  t h e  s e a  w a t e r  requirement  C1 
by s imply s c a l i n g  f requency by s2 f o r  a  1 / S  s c a l i n g  of d imensions .  This  
w i l l  i n  t u r n  r e q u i r e  t h a t  t h e  p roduc t  E A ~ A  of a i r  must be  reduced by t h e  
f a c t o r  1/s2 t o  m a i n t a i n  C6 c o n s t a n t  i n  t h e  model. S ince  E A ~ A  i s  a l r e a d y  
i d e n t i c a l  t o  f r e e  s p a c e ,  t h e  above r e d u c t i o n  c o n d i t i o n  cannot  be  s a t i s f i e d .  
For a  1 /20  s c a l e  model (S = 20) t h e  r e q u i r e d  r e d u c t i o n  i n  copo is  
(1 /400) .  T h e r e f o r e ,  i f  t h e  need f o r  t h i s  r e d u c t i o n  was ignored  and a i r  
vas s t i l l  used i n  a  20 t o  1 s c a l e  model, t h e n  t h e  a i r  above t h e  wa te r  
i n t e r f a c e  i n  such a  model w i l l  appear  t o  have t h e  p r o p e r t i e s  of a  m a t e r i a l  
w i t h  an  2 p r o d u c t  400 t imes  t h a t  of a i r . *  A s  s u c h ,  t h i s  a p p a r e n t  i n c r e a s e  
i n  E U  w i l l  a f f e c t  t h e  f i e l d s  i n  bo th  media by i n t r o d u c i n g  a  modi f i ed ,  
boundary d i s c o n t i n u i t y  c o n d i t i o n ,  i n  a d d i t i o n  t o  changing t h e  m a t e r i a l  
v a l u e s  i n  t h e  c o n s t i t u e n t  r e l a t i o n s  between t h e  f i e l d s .  
* These r e s u l t s  would a l s o  app ly  t o  a s i m i l a r l y  s c a l e d  model w i t h  a 
mine o v e r b u r d e n l a i r  i n t e r f a c e .  
** I n  a mine o v e r b u r d e n / a i r  i n t e r f a c e  a p p l i c a t i o n  i t  may b e  p r a c t i c a l  
t o  o b t a i n  model "overburden" m a t e r i a l s  o f  s u f f i c i e n t l y  i n c r e a s e d  
c o n d u c t i v i t y  o v e r  t h e  f u l l  s c a l e  v a l u e  o f  mho/m t o  s a t i s f y  t h e  
mixed media s c a l i n g  c o n d i t i o n s .  
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I f  we t h i n k  of t h i s  change i n  E V  t o  be  m a n i f e s t e d  s o l e l y  i n  a  400- 
f o l d  i n c r e a s e  i n  t h e  e f f e c t i v e  p of  t h e  a i r  medium f o r  a  20 t o  1 s c a l e  
model,  we would e x p e c t  t h e  magne t i c  f i e l d  l i n e s  i n  t h e  model t o  be  more- 
a t t r a c t e d  t o  t h e  s u r f a c e  ( i n c r e a s e d  s t r e n g t h  of components normal t o  t h e  
s u r f a c e )  t h a n  i n  t h e  f u l l - s c a l e  c a s e .  I n  o t h e r  words ,  i n  t h e  a b s e n c e  o f  
a  m e t a l  ( p e r f e c t l y  c o n d u c t i n g ) o b j e c t ,  t h e  a i r  boundary would t e n d  t o  
a p p e a r  l i k e  a  non-conducting b u t  mode,rately magne t i c  s u r f a c e  i n  t h e  reduced- 
s c a l e  model. A s  such t h e  p e r t u r b a t i o n s  i n t r o d u c e d  by t h e  p r e s e n c e  of a  
m e t a l o b j e c t  may be  more pronounced i n  such a  r educed-sca le  model t h a n  
i t s  c o r r e s p o n d i n g  e f f e c t  i n  t h e  f u l l - s c a l e  model. I n  f a c t ,  t h e  p r o b a b l e  
d i f f e r e n c e s  i n  t h e  c h a r a c t e r  of  t h e  f i e l d  b e h a v i o r  can c r e a t e  a  more 
s e v e r e  problem t h a n  t h e  n e g l e c t i n g  of  a s m a l l  te rm i n  t h e  wave e q u a t i o n  
f o r  a  single-medium problem,  t h e r e b y  making i t  t o o  r i s k y  t o  p roceed  w i t h  
such modeling w i t h o u t  f i r m e r  a s s u r a n c e s  of u t i l i t y .  I n  summary, mixed- 
media model ing a l t e r n a t i v e s  f o r  t h e  f u l l - s c a l e  m a t e r i a l s  r e q u i r e d  by t h e  
a p p l i c a t i o n  of  i n t e r e s t  a r e  e i t h e r  h i g h l y  i m p r a c t i c a l  o r  of  q u e s t i o n a b l e  
v a l i d i t y  ; ( as conf i rmed by subsequen t  v i s i t  w i t h  K.  I zuka  o f  Harvard 
U n i v e r s i t y  and r e p o r t e d  i n  Appendix C ) . 
D . CONCLUSIONS 
On t h e  b a s i s  of t h e  above f i n d i n g s  t h e r e  a p p e a r s  t o  be  no q u e s t i o n  
t h a t  s c a l e  modeling is  f e a s i b l e  f o r  models t h a t  i n v o l v e  o n l y  good con- 
d u c t i n g  m a t e r i a l s ,  and t h a t  20 t o  1 d i m e n s i o n a l  s c a l i n g  f a c t o r s  can be  
e a s i l y  a c h i e v e d  f o r  t h e  f r e q u e n c i e s  of  i n t e r e s t  w i t h o u t  a p p r e c i a b l e  e r r o r s ,  
by s imply  s c a l i n g  f r equency  by t h e  squa.re of t h e  i n v e r s e  of  t h e  d imens iona l  
s c a l e  f a c t o r .  T h i s  c a s e  w i l l  app ly  f o r  c o n d u c t i n g  o b j e c t s  c o m p l e t e l y  sub- 
merged i n  s e a  w a t e r  and f a r  from t h e  s u r f a c e ,  p rov ided  non-conducting o b j e c t s  
e i t h e r  a r e  n o t  p r e s e n t  o r  whose p r o p e r t i e s  a r e  s c a l e d  a s  d e s c r i b e d  i n  
S e c t i o n  G . 3 .  
For  r educed-sca le  models i n  mixed (conduc t ing  and non-conduct ing)  
media p a r t i c u l a r l y  when a  conduc t ing  o b j e c t  i s  l o c a t e d  n e a r  t h e  i n t e r f a c e  
between two media ,  s i z a b l e  e r r o r s  can  b e  i n t r o d u c e d  i f  t h e  s c a l i n g  con- 
d i t i o n s  p r o p e r  t o  each medium a r e  n o t  fo l lowed .  I n  a  s e a  w a t e r / a i r  a p p l i -  
c a t i o n  r e q u i r i n g  a  s i z e  r e d u c t i o n  on t h e  o r d e r  of 20 t o  1, i t  becomes 
i m p r a c t i c a l  o r  i m ~ o s s i b l e  t o  change t h e  m a t e r i a l  p r o p e r t i e s  a s  r e q u i r e d  
t o  s a t i s f y  these s c a l i n g  c o n d i t i o n s  . * Consequent ly  a d d i t i o n a l  i n v e s t m e n t  o f  
t i m e  and e f f o r t  i n  t h e  p u r s u i t  of s e a  w a t e r / a i r  mixed media model ing i s  
n o t  w a r r a n t e d .  
* A s  s t a t e d  i n  t h e  ** f o o t n o t e  on t h e  p r e v i o u s  page ,  i n  mine overburden /  
a i r  i n t e r f a c e  a p p l i c a t i o n s  i t  may b e  more p r a c t i c a l  t o  s a t i s f y  t h e s e  
c o n d i t i o n s .  I n d e e d ,  f o r  t h e  100-to-1 o r  g r e a t e r  s c a l i n g  f a c t o r s  t h a t  may 
b e  r e q u i r e d  t o  o b t a i n  p r a c t i c a l l y - s i z e d  models f o r  1000-foot  f u l l - s c a l e  
o v e r b u r d e n s ,  s e a  w a t e r  may p rove  tlo b e  a  s u i t a b l e  m a t e r 2 a l  f o r  t h e  over -  
burden  i n  t h e  model. I n  any c a s e ,  c a r e f u l  c o n s i d e r a t i o n  and p r o p e r  p re -  
c a u t i o n s  must  b e  t a k e n  b e f o r e  embarking on a l l  mixed-media model ing 
e n t e r p r i s e s , t o  e n s u r e  n o t  o n l y  t h a , t  s i g n i f i c a n t  e r r o r s  w i l l  n o t  b e  
i n c u r r e d  b u t  a l s o  t h a t  t h e  e x p e c t e d  r e s u l t s  w i l l  j u s t i f y  t h e  e f f o r t  
and expense  r e q u i r e d .  
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APPENDIX A 
HIGH CONDUCTANCE ELECTROLYTES 
FOR SEA WATERIAIR INTERFACE MODELS 
1. Overview 
The requirement  i s  f o r  e l e c t r o l y t e s  having conductances  o f  0.4 mho/cm 
( 40 mholmeter) ,  as a  minimum. Only t h e  f o l l o w i n g  k i n d s  of e l e c t r o l y t e  
might come up t o  t h i s  e x a c t i n g l y  h igh  requ i rement .  
1 )  Aqueous s o l u t i o n s  o f  s a l t s ,  
2) Aqueous s o l u t i o n s  o f  a c i d s  and a l k a l i s ,  
3) Fused s a l t  sys tems ,  
4) Netal-ammonia s o l u t i o n s  
P r a c t i c a l i t y  e l i m i n a t e s  t h e  l a s t  two p o s s i b i l i t i e s .  An examinat ion of 
t h e  d a t a  a v a i l a b l e  f o r  t h e  f i r s t  two c a t e g o r i e s  s u g g e s t s  t h a t  on ly  
s t r o n g  a c i d  o r  a l k a l i  aqueous s o l u t i o n s  a r e  l i k e l y  t o  b e  adequate ,but  
t h e s e  p r e s e n t  a  s a f e t y  hazard f o r  t h e  c o n c e n t r a t i o n s  needed. 
2 .  S a l t  S o l u t i o n s  
Recent ,  a c c u r a t e  d a t a  on c o n c e n t r a t e d  aqueous s o l u t i o n s  a r e  few i n  
number; Tab le  One c o a t a i n s  a  l i s t  of s a l t s  and r e f e r e n c e s  t o  conductance 
d a t a .  It i s  a  g e n e r a l  r u l e  t h a t  1:l e l e c t r o l y t e s  have t h e  l a r g e s t  
s p e c i f i c  c o n d u c t i v i t i e s  o f  a l l  t h e  k i n d s  o f  e l e c t r o l y t e s .  Of t h e s e ,  
t h e  s a l t s  w i t h  t h e  l a r g e s t  c a t i o n s  have t h e  g r e a t e s t  c o n d u c t i v i t i e s .  
Cost  c o n s i d e r a t i o n s  e l i m i n a t e  a l l  b u t  sodium, po tass ium and ammonia 
s a l t s . ,  Tab le  7ho g i v e s  v a l u e s  o f  s p e c i f i c  conductance f o r  some 
common s a l t s  o f  t h e s e  c a t i o n s .  E v i d e n t l y  o n l y  5.0 molar NH4C1 and 
8.0 molar  M4N03 cou ld  p r o v i d e  t h e  conductances  r e q u i r e d .  These 
s o l u t i o n s  a r e  ve ry  s t r o n g ,  on ly  m a r g i n a l l y  e q u a l  t o  t h e  t a s k ,  and 
may be e x c e s s i v e l y  c o r r o s i v e .  
S u b s t i t u t i o n  of an o r g a n i c  amine, such a s  methylamine,  f o r  ammonia, 
might n a r g i n a l l y  i n c r e a s e  conductance . This  i s  n o t  c e r t a i n ,  above 
a  c e r t a i n  s i z e  o f  c a t i o n  conductance v a l u e s  b e g i n  t o  f a l l ,  and 
s o l u b i l i t i e s  a l s o  a r e  d i f f e r e n t .  
3. Acid and A l k a l i  S o l u t i o n s  
Ti13 S r c a t c r  c o n d u c t i v i t y  o f  t h e s e  s o l u t i o n s  a r i s e s  from t h e  conduct ion 
o f  hydrogcn and hydroxyl  i o n s  t h r o u ~ h  hydrogen bond t r a n s i t i o n s .  
Tables  Three  and Four show t h a t  H2SO4 and KOH s o l u t i o n s  c o n t a i n i n g  between 
25 and 35% of t h e  e l e c t r o l y t e  have h i g h  conductances .  However, t h e  a c i d  
s o l u t i o n  i s  h i g h l y  c o r r o s i v e  t o  most m e t a l s  and b o t h  s o l u t i o n s  can e f f e c t  
c o n s i d e r a b l e  damage t o  human body t i s s u e .  I n  a d d i t i o n  s in 'ce  t h e  mechanism 
of conduc t ion  i n  a n  a c i d  i s  d r a s t i c a l l y  d i f f e r e n t  t o  t h a t  i n  a  s a l t  s o l u t i o n ,  
( s e e  Chemical Oceanography, Academic P r e s s ,  1965) t h i s  r a i s e s  a l l  manner 
of o t h e r  doubts .  The same remarks a p p l y  t o  u s i n g  a l k a l i  s o l u t i o n s .  
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Table A2 
S p e c i f i c  Conducrnnces of Several  S ~ i t s  
mho/cm a t  25°C 
0.385 0.111 0. ill 0. LO1 
a.L5G 0.210 0.210 0.154 
0.196 0.298 0.300 0.256 
0.229 0.374 0.380 0.305 
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Table A 3  
Naxinurn Conductance Solut i .ons  o f  1: SO 
2-4 
r-# lenp. O C  3 G 2 5 2 0 10 0 
Spec. Coaduct cnce mho/cm (3.886 0.S24 0.763 0.64i 0.518 
Spec. R e s i s t a n c e  ~ h n .  cm 1.129 1.213 1.3iO 1.562 1.925 
Cor:.posiLion Z 31.5 31.1 30.6 29.8 28.8 
Table  A4 
Conductance of  KOH S o l u t i o n s  a t  18OC 
Composition . %  10 2 0 2 5 3 0 35 45 
Spec.  Conductance mho/cn 0.313 0.500 9.537 0.543 0.510 0.390 
Spec R e s i s t a n c e  ohm.cn 3.2 2.0 1.80 1.84 1.96 2.56 
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APPENDIX B 
ESTIMATES OF APPROXIMATION ERRORS 
WHEN DISPLACEMENT OR CONDUCTION 
CURRENTS ARE NEGLECTED 
This Appendix presents a closer look at the type and magnitude of 
a€ 0 
errors introduced by neglecting the terms - or - in the wave equation, 
0 WE 
for good and poorly conducting media respectively. Assuming harmonic 
jut 
time variation e as before,the wave equations in a source free medium 
maybe written as 
where 
In order to emphasize the leading term in the two approximations, 
let us denote for the low loss - high frequency case 
0 
where - << 1 
0 W E  W E  
and for conductive media 
W E  where - << 1 
a 
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and 
7 
In Equations ( B 4 )  and ( B 6 )  the term 4 G A  has been separated out for 
W E  0 
e~amination,~h~~- A is given alternatively as - and - for good or poorly 0 W E  
conducting media respectively. It is of interest to find the variation of 





Since 2, c c  1 Equations ( B 7 )  and ( B 8 )  can be approximated by neglecting 
higher order terms. Thus: 
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Neglecting higher than second order terms in A the magnitude of the complex 
quantities in Equations (B9) and (B10) become 
So Equations (B4) and (B6) can be rewritten as: 
-- 
K~ = I~.. (1 - j2)' ;a~ (. + I ~ ) ' )  £0. ~ O W  loss media (312) 
I".) 1 [.%?-)('+j 5)' 1 G('+ (E)~) for lossy media. '(513) 
There is also a corresponding phase angle change in the K vector due to 
the presence of the however small, but not negligible, A. 
What can then be said about the error one makes when neglecting 
either the conduction or displacement part of the total current? Consider 
the poorly conducting case first. Judging from Equation (B10) for nearly 
lossless media (air), a first order attenuation term , and a second order 
term in the propagation constant that reduces the wavelength in the medium, 
are being neglected when conduction currents are ignored. Using Cartesian 
coordinates in the example, the elementary solution of Equation (Bl) takes 
the following form: 
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where t h e  e x p r e s s i o n  i n  t h e  s q u a r e  b r a c k e t  i s  t h e  q u a n t i t y  b e i n g  n e g l e c t e d  
A 
1 0 
and where t h e  f a c t o r  (K) i s  t h e  r a t i o  of wave leng ths  - A i n  a s l i g h t l y  
0 C 
27T 
l o s s y  medium where  (X = - = - and X = 2n6 m). X i n  t h e  c a s e  
O fJEll C P a w  0 
of  no c o n d u c t i o n  c u r r e n t  p r e s e n t ,  and X i n  t h e  c a s e  o f  o n l y  c o n d u c t i o n  
C 
c u r r e n t  p r e s e n t .  According t o  Equa t ion  ( B 1 4 )  t h e  s m a l l  a t t e n u a t i o n  t h a t  
would b e  n e g l e c t e d  i s  s p e c i f i e d  by t h e  l a r g e  s k i n d e p t h  o f  a i r ,  and even 
t h a t  i s  f u r t h e r  r educed  by b e i n g  m u l t i p l i e d  by  a  f a c t o r  which is  p ropor -  
t i o n a l  t o  t h e  s q u a r e  r o o t  o f  r a t i o  o f  c o n d u c t i o n  t o  d i s p l a c e m e n t  c u r r e n t  
- 3  
which i s  a  s m a l l  q u a n t i t y  (10 t o  depending on what c o n d u c t i v i t y  
one a s s o c i a t e s  w i t h  a i r ) .  The imag ina ry  component o f  t h e  exponent  i n  t h e  
s q u a r e  b r a c k e t  i n  E q u a t i o n  (B14) i s  a n  even s m a l l e r ,  t r u l y  second o r d e r  
0 - 3  - 1 0  ( v e r y  u n l i k e l y  i n  a i r ) ,  q u a n t i t y  wh ich ,  even  i f  assuming A = - -  
' > )  c. 
would cause a p ? r  t u r S a t  i o n  I n  thr  ~ r o : i ; ~ g ; - . t i o n  c o n s t a n t  ( 'wavelength) nf 
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approximately one ten millionth of the original value. Certainly practical 
measurements couldn't be performed to show up this kind of inaccuracy of 
error. 
Let us now consider the good conducting case. A more interesting 
part of this investigation on error is concerned with the sea water medium; 
since this is a medium that is not as good a conductor, as the air is a 
good dielectric, the approximations can be expected to give larger errors. 
Therefore, we are interested in finding the frequency regime defined by 
W E  the upper limit which the - (<< 1) value may take, but shouldn't exceed 
0 
W E  in order that errors introduced by neglecting the - term will not be 
0 
W E  
excessive. If 6is infinitesimally small, then it can be neglected with- 
out worrying about the after effects. In this case, from Equation (B6) 
the propagation constant is given by: 
Therefore in Cartesian coordinates the elementary solution may take the 
form: 
There is both an attenuation and propagation term. The wavelength 
of propagation in this lossy medium, is given by 
Arthur D Little, Inc 
where 6 i s  t h e  s k i n d e p t h  i n  t h e  medium. The added t e rm i n  Equa t ion  ( B 6 )  
means added t e r m s  i n  E q u a t i o n  (B16) t h a t  we c a n  e a s i l y  e x p r e s s  w i t h  t h e  
h e l p  o f  E q u a t i o n  (B9).  Usink C a r t e s i a n  c o o r d i n a t e s  a g a i n  t h e  s o l u t i o n  
W E  
t o  E q u a t i o n  ( B l )  t a k e s  t h e  f o l l o w i n g  form: (assuming now, t h a t  C = - << 1 )  
0 
Now, u n l i k e  i n  E q u a t i o n  (B14) f o r  a i r ,  botln t h e  a t t e n u a t i n g  and p r o p a g a t i n g  
W E  
t e rms  have  l i n e a r  and second o r d e r  t e rms  i m  A ( =  -) i n  t h e  exponen t  of  
0 
t h e  s o l u t i o n .  The l e a d i n g  ( l i n e a r )  t e rms  i n  A a r e  t h e  i m p o r t a n t  o n e s ,  
W E  
s i n c e  - << 1. 
CJ 
The l i m i t  on t h e  maximum v a l u e  o f  A t h a t  c a n  be n e g l e c t e d  w i l l  b e  
d e t e r m i n e d  m o s t l y  by what  a c c u r a c i e s  can  b e  e x p e c t e d  from t h e  e x p e r i m e n t s  
per formed i n  t h e  model env i ronment .  I n  p r a c t i c e ,  e x p e r i m e n t a l  d i f f i c u l t i e s  
i n  underwa te r  measurements ,  and t h e  p e r t u r b i n g  e f f e c t s  of  s u p p o r t s ,  l e a d s  
and c a b l e s  w i l l ,  i n  most c a s e s ,  make a  5% e x p e r i m e n t a l  e r r o r  q u i t e  a c c e p t -  
-2  
a b l e .  N o w  a  maximum v a l u e  o f  A t l o  w i l l  g e n e r a l l y  b r i n g  a  0 . 5 %  e r r o r  i n  
b o t h  t h e  r e a l  and imag ina ry  p a r t s  of  t h e  exponen t  o f  t h e  f i e l d  s o l u t i o n  
A 
a s  d e p i c t e d  by t h e  7 l i n e a r  c o r r e c t i o n  t e rms  i n  E q u a t i o n  (B18).  S i n c e  t i le  
L 
measurements w i l l  be  conduc ted  w e l l  w i t h i n  abou t  t e n  s k i n d e p t h s  (10 6 i n  
t h e  medium) of  t h e  s o u r c e ,  t h e  0 .5% e r r o r  i n  t h e  r e a l  p a r t  of t h e  exponen t  
w i l l  produce an  c?npli t :~(!e e r r o r  c f  ,e.>s ;.;lan 5% i n  t h e  f i e l d  a t t e n u a t i o n  
f a c t o r .  A s i m i l a r  0.5X e r r o r  i n  t h e  ~ n a g i n a r y  p a r t  3 f  t h e  exponen t  ( t h e  
Arthur D Little, Inc. 
argument of a trigonometric or Bessel function) will in turn, produce a 
shift in the position of an instantaneous null location by less than 1% 
of a wavelength at the same 10 6 distance away from the source. 
In theory at least any field configuration,including sources, can 
be given by a linear combination of homogeneous and inhomogeneous plane 
waves. Sometimes it is more convenient (especially in an angularly 
symmetric case such as a loop in a half space, with its plane parallel 
to the interface) to use cylindrical coordinates and Bessel functions 
instead of the Cartesian coordinates and trigonometric functions, which 
we have used to demonstrate the effect of perturbation by the minority 
current. A similar treatment of errors can also be carried through in 
cylindrical coordinates (or in spherical coordinates for that matter). 
However, in view of the extremely favorable results obtained for the 
W E  
elementary s~lutions in Cartesian coordinates for values of - up to 
0 
0.01, and the general similarities in the nature of the resultant fields 
in all three coordinate systems, the arbitrary 0.002 upper limit for 
W E  - imposed in the body of this memo should be more than adequate to 
0 
cover the small differences that may occur in a single media problem. 
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APPENDIX C 
TRIP TO HARVARD UNIVERSITY* 
FOR DISCUSSIONS ON MODELS 
ADL and c l i e n t  s t a f f  v i s i t e d  D r .  ECiego Izuka ,  a  p r o f e s s o r  a t  Harvard 
U n i v e r s i t y  working w i t h  e l e c t r o m a g n e t i c  model ing,  i n  o r d e r  t o  g e t  a  more 
p r a c t i c a l  f l a v o r  of t h e  p r e c a u t i o n s ,  p i t f a l l s ,  a d v a n t a g e s ,  and hardware  
i n v o l v e d  i n  t h e  u t i l i z a t i o n  of models.  
The f i r s t  h a l f  of t h e  v i s i t  was s p e n t  d i s c u s s i n g  modeling problems 
when d e a l i n g  w i t h  mixed media,  i n  p a r t i c u l a r ,  environments  which i n c l u d e  
a  s e a  w a t e r - a i r  i n t e r f a c e .  The second h a l f  of t h e  v i s i t  was s p e n t  d i s -  
c u s s i n g  and o b s e r v i n g  D r .  I z u k a ' s  f a c i l i t y  f o r  modeling p r o p a g a t i o n  i n  
media where t h e  c o n d u c t i v i t y  d o e s  n o t  remain c o n s t a n t  b u t  v a r i e s  i n  some 
p r e s c r i b e d  manner w i t h  d i s t a n c e .  
1. Modeling Problems w i t h  Mixed Media 
D i s c u s s i o n  of t h e  s e a  w a t e r - a i r  modeling problems d i v i d e d  n a t u r a l l y  
i n t o  t h r e e  a r e a s .  The f i r s t  d e a l t  w i t h  s i n g l e  medium problems c o n s i s t i n g  
of e i t h e r  d i e l e c t r i c  o r  conduc t ing  medial. Genera l  agreement was reached  
on t h e  m a t t e r  of  which terms i n  t h e  wave e q u a t i o n  cou ld  be  n e g l e c t e d  f o r  
each  media.  Namely, t h e  d i s p l a c e m e n t  c u r r e n t  term i n  conduc t ing  media,  
and t h e  conduc t ion  c u r r e n t  t e rm i n  low-loss d i e l e c t r i c  media. 
D i s c u s s i o n  c o n t i n u e d  on t h e  s u b j e c , t  of  whether  n e g l e c t i n g  t o  model 
t h e  a i r  medium p r o p e r l y  i n  a  s c a l e  model i n v o l v i n g  a  s e a  w a t e r - a i r  i n t e r -  
f a c e  would make much of a  d i f f e r e n c e .  To t r y  t o  g e t  a hand le  on and 
i l l u s t r a t e  t h i s  p o i n t ,  D r .  Izuka p r e s e n t e d  two c a s e s .  The f i r s t  invo lved  
a  model c o n f i g u r a t i o n  i n v o l v i n g  two d i f f e r e n t  d i e l e c t r i c  media,  s e p a r a t e d  
by a n  i n f i n i t e  i n t e r f a c e  a s  i n  t h e  a i r - s e a  w a t e r  problem. It was c l e a r  
i n  t h i s  c a s e ,  t h a t  i f  a 100 t o  1 change i n  t h e  upper  d i e l e c t r i c  c o n s t a n t  
was n e g l e c t e d ,  t h e  e f f e c t s  on t h e  f i e l d  i n  t h e  two r e g i o n s  would b e  
s t a r t l i n g ,  and c e r t a i n l y  cou ld  n o t  be  n e g l e c t e d .  I f  such  a  c a s e  were 
now extended t o  one i n  which t h e  lower d i e l e c t r i c  medium was g r a d u a l l y  
made more and more l o s s y ,  t h e  e f f e c t s  of n e g l e c t i n g  a  100  t o  1 change 
d i e l e c t r i c  c o n s t a n t  i n  t h e  upper  medium would s t i l l  e x i s t ,  b u t  would 
g r a d u a l l y  become l e s s  i m p o r t a n t .  However, t h e  c o n c l u s i o n  reached  a t  t h e  
mee t ing  w a s  t h a t  i t  was n o t  obv ious  t h a t  such  a  100 t o  1 change i n  d i e l e c -  
t r i c  c o n s t a n t  i n  t h e  upper  medium cou ld  be  ignored  a s  n e g l i g i b l e  f o r  a  
conduc t ing  medium such  a s  s e a  w a t e r  whose c o n d u c t i v i t y  was o n l y  a  moder- 
a t e l y  l a r g e  one.  Secondly ,  D r .  Izuka d i d  n o t  know of any s imple  way t o  
e s t i m a t e  t h e  magni tude of t h e  e r r o r  invo lved  shou ld  a  f a c t o r  on  t h e  o r d e r  
of 100  t o  1 i n  d i e l e c t r i c  c o n s t a n t  be  n e g l e c t e d  i n  a  modeling s i t u a t i o n .  
However, t h e  one p r e c i s e  way of  o b t a i n i n g  t h i s  e r r o r  i n f o r m a t i o n  would 
* During a p r e v i o u s  government p r o j e c t  i n  1968.  
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b e  t o  d e r i v e  a n a l y t i c a l  e x p r e s s i o n s  f o r  t h e  f i e l d s  expec ted  i n  b o t h  media 
a t  t h e  l o c a t i o n s  of i n t e r e s t ,  and t h e n  t o  s imply e v a l u a t e  t h e s e  e x p r e s s i o n s  
f o r  b o t h  v a l u e s  of d i e l e c t r i c  c o n s t a n t  ( 1  t o  1, and 100 t o  1 change) .  
Comparison of t h e  answers f o r  t h e s e  two s i t u a t i o n s  would g i v e  t h e  answer 
of how much d i f f e r e n c e  i t  makes t o  i g n o r e  t h e  s c a l i n g  of d i e l e c t r i c  con- 
s t a n t .  U n f o r t u n a t e l y  t h e  dilemma a t  t h e  p r e s e n t  t ime  is  t h a t  such a n  
e x p r e s s i o n  is  n o t  r e a d i l y  a v a i l a b l e  t o  us  f o r  s u b s t i t u t i n g  t h e s e  v a l u e s  
of d i e l e c t r i c  c o n s t a n t  and e v a l u a t i n g  t h e  e f f e c t s  on t h e  f i e l d  w i t h i n  t h e  
s p a c i a l  regimes of t h e  s o u r c e  t h a t  a r e  i m p o r t a n t  t o  our  a p p l i c a t i o n .  How- 
e v e r ,  D r .  I zuka  d i d  s a y  t h a t  p a r t i c u l a r l y  i n  c a s e s  i n v o l v i n g  more compli- 
c a t e d  geomet r i e s  i n  which t h e  d i s t a n c e s  from t h e  s o u r c e  t o  t h e  m e t a l  
o b j e c t  t o  t h e  s u r f a c e  i n t e r f a c e  and t h e  d imensions  of t h e  m e t a l  o b j e c t  
a r e  a l l  comparable t o  each o t h e r  and t h e  wave leng th ,  t h e n  t h e r e  was 
ex t remely  h i g h  p r o b a b i l i t y  of i n c u r r i n g  s i g n i f i c a n t  e r r o r s  i n  f i e l d  be- 
h a v i o r  i f  t h e  p r o p e r t i e s  of t h e  m a t e r i a l s  i n  q u e s t i o n  were n o t  s c a l e d  
p r o p e r l y  i n  t h e  model. T h i s  u n f o r t u n a t e l y ,  h e  h a s  s e e n  happen s o  many 
t imes  w i t h  exper imente r s  w i s h i n g  t o  g e t  q u i c k  r e s u l t s ,  and f i n a l l y  winding 
up w i t h  mean ing less  r e s u l t s  a s  a  r e s u l t  of t h e i r  h a s t e  and l a c k  of f o r e -  
s i g h t .  
(Dr. Izuka a l s o  b rough t  up a  c u r i o u s  p o i n t  i n  d e a l i n g  w i t h  modeling 
problems w i t h  i n f i n i t e  i n t e r f a c e s ,  namely t h a t  t h e r e  may b e  c a s e s  i n  which 
i t  i s  a l s o  n e c e s s a r y  t o  s c a l e  t h e  m a t e r i a l  p r o p e r t i e s  of even l o s s l e s s  
media when a t t e m p t i n g  t o  s c a l e  t h e  problem. Apparen t ly  c o n s i d e r a t i o n s  
such  a s  t h e s e  become i m p o r t a n t  when t h e  c o n f i g u r a t i o n  i s  a n  unbounded one 
i n v o l v i n g  i n f i n i t e  i n t e r f a c e s ,  however, t h i s  p o i n t  was n o t  made e n t i r e l y  
c l e a r . )  The upsho t  of t h i s  t a l k  was one of extreme c a u t i o n  i n  model ing;  
e i t h e r  model p r e c i s e l y  a s  d i c t a t e d  by t h e  e q u a t i o n s  o r  b e  ex t remely  s u r e  
b e f o r e  hand,  t h a t  your  approx imat ions  w i l l  indeed r e s u l t  i n  s m a l l  e r r o r s .  
2 .  D r .  I z u k a ' s  Modeling F a c i l i t y  
The second h a l f  o f  t h e  v i s i t  w e  s p e n t  l o o k i n g  a t  D r .  I z u k a ' s  model- 
i n g  f a c i l i t y .  S i n c e  D r .  I z u k a  i s  i n t e r e s t e d  i n  examining p r o p a g a t i o n  
phenomena i n  media whose c o n d u c t i v i t y  is  a  f u n c t i o n  of p o s i t i o n ,  h i s  
problems a r e  s l i g h t l y  d i f f e r e n t  t h a n  t h e  ones  i n  which we a r e  i n t e r e s t e d .  
I n  p a r t i c u l a r  h i s  problems app ly  d i r e c t l y  t o  p r o p a g a t i o n  w i t h i n  t h e  e a r t h ' s  
man t le  i n  which t y p i c a l l y  t h e  c o n d u c t i v i t y  of t h e  e a r t h  w i l l  d e c r e a s e  
q u i t e  r a p i d l y  between z e r o  and 5  k i l o m e t e r s  b e n e a t h  t h e  s u r f a c e ,  m a i n t a i n  
a  minimum v a l u e  t o  a n  approximate  dep th  of 1 5  k i l o m e t e r s  and t h e n  g r a d u a l l y  
i n c r e a s e  a g a i n  t o  abou t  t h e  a v a l u e  n e a r  t h e  s u r f a c e  a t  d e p t h s  on t h e  o r d e r  
of pe rhaps  30 k i l o m e t e r s  b e n e a t h  t h e  s u r f a c e  of t h e  e a r t h .  These changes 
i n  c o n d u c t i v i t y  w i t h  dep th  occur  i n i t i a l l y  because  i n c r e a s i n g  p r e s s u r e  
t e n d s  t o  squeeze  a l l  m o i s t u r e  o u t  of t h e  m a t e r i a l s  t h e r e b y  c r e a t i n g  a  min- 
imum i n  c o n d u c t i v i t y .  However, t h e  t r e n d  i n  c o n d u c t i v i t y  r e v e r s e s  i t s e l f  
a g a i n  b e c a u s e  of t h e  i n c r e a s e  i n  t empera tu re  a s  one decends f u r t h e r  i n t o  
t h e  e a r t h ' s  c r u s t .  T h i s  i n c r e a s e s  t h e  c o n d u c t i v i t y  a g a i n ,  t h e r e b y  forming 
a  t y p e  of wave g u i d e  s t r u c t u r e  i n  which waves can p r o p a g a t e  i n  a  guided 
manner. 
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To model t h i s  s i t u a t i o n  D r .  I z u k a  h a s  had t o  c o n s t r u c t  a  f a i r l y  
e l a b o r a t e  model ing  p r o c e d u r e .  S i n c e  h e ' s  working a t  UHF f r e q u e n c i e s  h i s  
s t r u c t u r e  i s  on t h e  o r d e r  of 1 5  by  1 5  f e e t  s q u a r e  by 3 f e e t  i n  h e i g h t .  
The most  c r i t i c a l  p a r t  of h i s  problem was t o  f i n d  a  way t o  v a r y  t h e  con- 
d u c t i v i t y  of h i s  medium i n  ways s i m i l a r  t o  t h a t  i n  t h e  e a r t h ' s  m a n t l e .  
He accompl i shes  t h i s  by u s i n g  a  s o l u t i o n  of Agar-Agar ( a  b a c t e r i a l  sub- 
s t a n c e )  d i s s o l v e d  i n  w a t e r ,  which  when a l lowed  t o  c u r e ,  becomes a  g e l a t a n -  
o u s  s u b s t a n c e .  The d e s i r e d  c o n d u c t i v i t y  p r o f i l e s  c a n  now b e  o b t a i n e d  i n  
t h i s  s u b s t a n c e  by a l l o w i n g  aqueous  s o l u t i o n s  of  v a r i o u s  s a l i n i t i e s  
d i f f u s e  themse lves  a s  a  f u n c t i o n  of t i m e  th rough  t h i s  Agar-Agar g e l a t i n e .  
D i f f u s i o n  t i m e s  t o  o b t a i n  t h e  p r o p e r  c o n d u c t i v i t y  p r o f i l e s  c a n  t a k e  on  
t h e  o r d e r  of weeks.  So t o  o b t a i n  t h e  p r o p e r  p r o f i l e  t h e  s a l t  w a t e r  i s  
a l lowed  t o  d i f f u s e  t h e  p r o p e r  number of d a y s  o r  weeks i n t o  t h e  Agar-Agar 
u n t i l  t h e  d e s i r e d  p r o f i l e  i s  o b t a i n e d .  R e p e a t i b i l i t y  i n  r e p r o d u c i n g  a  
g i v e n  c o n d u c i t i v i t y  p r o f i l e  i s  e x t r e m e l y  d i f f i c u l t  o r  n e a r l y  i m p o s s i b l e .  
But t h i s  is  n o t  of g r e a t  c o n c e r n  t o  D r .  I z u k a  s i n c e  h i s  i n t e r e s t  i s  ~ r i n -  
c i p a l l y  i n  p r o f i l e s  of t h e  g e n e r a l  s h a p e  t h a t  h e  c a n  p roduce  and n o t  
n e c e s s a r i l y  i n  s p e c i f i c  p r e c i s e l y  c o n t r o l l e d  p r o f i l e s .  He h a s  found h i s  
t e c h n i q u e s  t o  b e  q u i t e  s u c c e s s f u l  i n  o b t a i n i n g  t h e  p r o p e r  model ing  con- 
d i t i o n s  of i n t e r e s t  t o  him and i s  now modi fy ing  h i s  s e t u p  t o  make measure-  
ments  more c o n v e n i e n t .  D i s c u s s i o n  of h i s  f a c i l i t y  a l s o  c e n t e r e d  around 
s e v e r a l  p r e c a u t i o n s  t h a t  h e  h a s  t o  t a k e  t o  g e t  r e l i a b l e  r e s u l t s .  (Using 
a b s o r b e r s  and s t a y i n g  away from e d g e s ,  b r u s h i n g  a i r  b u b b l e s  from s u r f a c e ,  
w a t e r t i g h t  p r o b e s ,  e t c . )  H i s  f a c i l i t y  was i m p r e s s i v e  even though i t  had 
no d i r e c t  a p p l i c a t i o n  t o  o u r  problem. 
3 .  Conclusions 
I n  summary, t h e  conc lus ions  reached dur ing  t h e  meeting w i th  D r .  I zuka  
confirmed those  i n  t h e  body of t h i s  memorandum. Namely, t h a t  s i g n i f i c a n t  
e r r o r s  can be i ncu r r ed  by n o t  modeling t h e  m a t e r i a l  parameters  p rope r ly  
i n  a  mixed media s c a l i n g  problem; t h e r e  i s  no s imple  way t o  e s t i m a t e  t h e  --
magnitude of t h e s e  e r r o r s ,  p a r t i c u l a r l y  i n  ca se s  i nvo lv ing  complicated 
geometr ies  a s  expected i n  t h e  in tended  a p p l i c a t i o n ;  consequent ly  one 
could never  be con f iden t  of t h e  v a l i d i t y  of t h e  r e s u l t s  ob t a ined  from 
such i n e x a c t  models i nvo lv ing  mixed media. Since p e o p l e  who have a t tempted  --
t o  d i s r e g a r d  t h e s e  f a c t s  i n  t h e  p a s t  have s u f f e r e d  f o r  t h e i r  l a c k  o f  wisdom 
and f o r e s i g h t ,  ADL's p o s i t i o n  on t h e  m a t t e r  i s  t h a t  t h e  p u r s u i t  of expe r i -  
ments w i th  i n e x a c t  -- mixed media models i s  unwise, r i s k y  and u n j u s t i f i e d .  
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I V .  PERMANENT MAGNETS AS SIGNAL SOURCES FOR TRAPPED MINER 
LOCATION AND COMMUNICATION 
During t h e  i n i t i a l  phase  o f  o u r  work, t h e  p o t e n t i a l  u t i l i t y  of permanent 
magnets f o r  t h e  l o c a t i o n  of  and communication w i t h  t rapped  miners  was 
b r i e f l y  examined. Cons idera t ion  was given t o  t h e  d e t e c t i o n  of  n o t  on ly  
t h e  magnet ic  f i e l d  i t s e l f  b u t  a l s o  t h e  f i e l d  g r a d i e n t .  
A. ROTATING BAR MAGNETS 
I n  p r i n c i p l e ,  a  miner l o c a t i o n  o r  communication system could be  b u i l t  
based upon t h e  d e t e c t i o n  of t h e  f i e l d  o f  a  r o t a t i n g  b a r  magnet. At any 
p o i n t  i n  space ,  t h i s  f i e l d  w i l l  o s c i l l a t e  i n  va lue  a s  t h e  r e l a t i v e  
o r i e n t a t i o n  of  t h e  magnet changes dur ing  r o t a t i o n ,  s a y ,  under manual 
power. 
The ampli tude of t he  r a d i a l  component of t h i s  f i e l d  o s c i l l a t i o n  may be 
w r i t t e n  a s  
M 
Ho = -3 
2nr  (1) 
2 
where r is  t h e  range i n  mete rs ,  and M t h e  magnetic moment i n  ampere-meters . 
Taking a  magnet w i th  uniform r e s i d u a l  i nduc t i on  B t h e  magnet ic  moment i s  r ' 
given  by 
BrV V be ing  t h e  volume 
M = -  
9 of  t h e  magnet, and (2 )  u 0 
p0 be ing  t h e  pe rmeab i l i t y  of f r e e  space .  
The fo l lowing  t a b l e  p rov ides  an i d e a  of t y p i c a l  f i e l d  s t r e n g t h s  and g r a d i e n t s  
t h a t  w i l l  be  produced i n  such a  scheme by a  bar- type magnet about 16 i nches  
l ong  made o u t  of samarium c o b a l t ,  p r e s e n t l y  t h e  b e s t  b u t  most expensive 
permanent magnet m a t e r i a l .  A l l  f i e l d s  a r e  expressed i n  r a t i o n a l i z e d  MKS u n i t s .  
Table  1 
FIELD STRENGTHS AND GRADIENTS FOR SAMARIUM COBALT BAR-TYPE MAGNETS 
Magnet Source Magnet Magnet F i e l d  
Res idua l  ~ a g n e t ' s  Magnetic ~ a g n e t ' s  Range F i e l d  Grad ien t  
Induc t  i o n  
2  
Vol 
B y ,  (weber/m ) m 3 
moment W t  . dH 0 
amp-m2 l b s .  r ,  f t .  Ho, a/m d r  , a/m/m 
2  
For a  magnet of barium f e r r i t e ,  Br  = 0 . 3  weber/m , bu t  a  s av ing  of 3 t o  1 i n  
weight  and 100 t o  1 i n  m a t e r i a l  c o s t  can be  r e a l i z e d  over  a  samarium c o b a l t  
magnet . 
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Magnet r o t a t i o n  r a t e s  on t h e  o r d e r  of 1-3 Hz a r e  r e a s o n a b l e ,  w i t h  10  Hz perhaps  
a  p r a c t i c a l  upper l i m i t .  I n  t h i s  f requency range t h e  d e t e c t i o n  of t h e  r e s u l t a n t  
f i e l d  i s  l i k e l y  t o  be  geomagne t ica l ly  n o i s e  l i m i t e d .  Th is  n o i s e  owes i t s  o r i g i n  
t o  a tmospher ic  and i o n o s p h e r i c  phenomena. It h a s  ampl i tudes  t y p i c a l l y  i n  t h e  
range of 10-6 a/m-10-4 a/m; b u t  can r i s e  t o  l e v e l s  g r e a t e r  t h a n  10-3 a/m a t  
f r e q u e n c i e s  below 1 Hz, and f a l l  t o  l e v e l s  below 10-6 a/m above 10 Hz. The 
n o i s e  i s  t y p i c a l l y  normal ized t o  a  bandwidth of 1 Hz above 1 Hz, b u t ,  below 
1 Hz i t  i s  r e f e r r e d  t o  o c t a v e  f requency i n t e r v a l s  s t a r t i n g ,  f o r  example, from 
0 . 0 1  Hz. 
An i d e a  o f  t h i s  n o i s e  l i m i t a t i o n  may be  o b t a i n e d  on t h e  assumption,  a d m i t t e d l y  
ve ry  approximate ,  t h a t  t h e  geomagnetic n o i s e  a r i s e s  from a  magnet ic  d i p o l e  a t  
a  r ange ,  R ,  f a r  away from t h e  magnet s i g n a l  source .*  The f o l l o w i n g  t a b l e  shows 
t h e  ranges  from a  magnet ic  s o u r c e  a t  which t h e  f i e l d  and f i e l d  g r a d i e n t  of t h e  
geomagnetic n o i s e  i n  a  1 Hz bandwidth a r e  e q u a l  t o  t h o s e  of t h e  150 l b ,  10-~m3 
permanent magnet o f  Tab le  1. Two d i f f e r e n t  r o t a t i o n  f r e q u e n c i e s  were  chosen,  
one between 1 - 3 Hz and a n o t h e r  around 10 Hz. Three r e p r e s e n t a t i v e  v a l u e s  
of t h e  n o i s e  f i e l d  a t  t h e  p o i n t  o f  o b s e r v a t i o n  have been t a k e n .  However, f o r  
t h e  sake of computing g r a d i e n t s ,  i n  a l l  c a s e s  t h e  s o u r c e  o f  t h e  g t ~ m a g n e t i c  
n o i s e  h a s  been assumed t o  b e  a t  two d i f f e r e n t  d i s t a n c e s  from t h e  p o i n t  o f  
o b s e r v a t i o n , i n  o r d e r  t o  de te rmine  t h e  p o t e n t i a l  performance o f  g r a d i e n t  
d e t e c t i o n  schemes v e r s u s  f i e l d  d e t e c t i o n  schemes. 
Tab le  2 
RANGES AT WHICH SIGNAL MiD NOISE FIELDS AND GRADIENTS ARE EQUAL 
(FOR BAR MAGNET SIGNALS AND GEOPYAGNETIC NOISE) 
D i s t a n c e  from I F i e l d  [Jis t a n c e  from 
F i e l d  G r a d i e n t  
D i s t a n c e  from 
(1)  For an assumed n o i s e  s o u r c e  f requency around 1 0  Hz. 
Geomagnetic 
Noise Source 
R ,  Mi les  
625 
12)  For two d i f f e r e n t  assumed n o i s e  s o u r c e  s t r e n g t h s  i n  t h e  1-3 Hz f requency 
band. 
* T h i s  a n a l y s i s  cannot  be  expected t o  ho ld  i n  t h e  p resence  o f  s t r o n g ,  
l o c a l  thunders to rm a c t i v i t y .  
Noise Permanent Mag- 
F i e l d  n e t  Source  (3) 
Hn,  a/m rd,  f t .  
(1) 8 x l 0 - ~  3900 
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Noise F i e l d  Permanent Mag- 
Grad ien t  n e t  Source (3)  
d ~ ~ / d ~ ,  a/m/m 4, f t .  
(1) 2 . 4 ~ 1 0 - l 2  21500 
( 3 )  D i s t a n c e  from samarium c o b a l t  magnet s o u r c e  where f i e l d  o r  f i e l d  g r a d i e n t  
i s  e q u a l  t o  t h a t  of  n o i s e  s o u r c e .  
These t a b l e s  i n d i c a t e  t h a t  permanent magnets can o f f e r  magnet ic  moments and 
d e t e c t i o n  ranges  t h a t  compare f a v o r a b l y  w i t h  t h o s e  o b t a i n a b l e  from c u r r e n t -  
f e d  l o o p s  and f i e l d  d e t e c t i o n  sys tems .  They a l s o  i n d i c a t e  t h e r e  i s  a  
p o t e n t i a l  advantage t o  b e  ga ined  i n  u s i n g  a  d e t e c t i o n  scheme based  on t h e  
f i e l d  g r a d i e n t  ( r i d )  r a t h e r  t h a n  on t h e  f i e l d  i t s e l f  ( r d ) ,  by making u s e  
o f  t h e  f a c t  t h a t  geomagnetic n o i s e  s o u r c e s  a r e  f r e q u e n t l y  a  g r e a t  d i s t a n c e  
away, e x c e p t  i n  t h e  c a s e  of  v e r y  l o c a l  thunders to rm a c t i v i t y .  Geomagnetic 
g r a d i e n t  n o i s e  measurements a r e  r e q u i r e d  t o  v e r i f y  t h i s  a s sumpt ion ,  which 
u n d e r l i e s  t h e  i n t e r e s t  i n  g r a d i o m e t e r s .  I n  what f o l l o w s ,  a  b r i e f  o u t l i n e  
of t h e  p r i n c i p l e s  behind a  g r a d i e n t  d e t e c t i o n  sys tem is  p r e s e n t e d .  
B e  MAGNETIC F I E L D  GRADIENT DETECTION 
I n  r e c e n t  y e a r s  new t y p e s  o f  magnetometers w i t h  s e n s i t i v i t i e s  t h r e e  t o  f i v e  
o r d e r s  of  magnitude b e t t e r  than  p r e s e n t  d e v i c e s  have been proposed and 
demons t ra ted  i n  t h e  l a b o r a t o r y ,  and i n  c e r t a i n  w e l l  c o n t r o l l e d  a p p l i c a t i o n s ,  
e . g . ,  med ica l*  These d e v i c e s  make use  of  t h e  p r o p e r t i e s  of  s u p e r c o n d u c t i n g  
t h i n  f i l m s .  P a r t i c u l a r l y  a t t r a c t i v e  a r e  magnetometers o f  t h e  Josephson 
t y p e .  s heir o p e r a t i o n  depends upon t h e  o b s e r v a t i o n  t h a t  a s  t h e  magnet ic  
f i e l d  t o  which a  superconduc to r -ba r r i e r - superconduc to r  s t r u c t u r e  -- a  so- 
c a l l e d  Josephson -- i s  s t e a d i l y  i n c r e a s e d ,  t h e  maximum v a l u e  of  t h e  c u r r e n t  
which can b e  d r i v e n  through t h e  s t r u c t u r e ,  w i t h o u t  d e v e l o p i n g  a  v o l t a g e  
t h e r e ,  f i r s t  d r o p s  t o  z e r o  and t h e n  rises t o  a  peak v a l u e  less than  t h e  peak 
when i n  z e r o  f i e l d ;  i t  then  once more f a l l s  t o  z e r o  and a g a i n  r i s e s  t o  a  
s t i l l  lower  peak ,  and s o  f o r t h .  
t h e  t o t a l  f l u x  w i t h i n  t h e  j u n c t i o n  i s  
$0 , t h e n  
I = I, 
max (3) 
$J ,  and t h e  f l u x  quantum i s  deno ted  
where I, 
i s  t h e  maximum c u r r e n t  through t h e  j u n c t i o n  i n  z e r o  f i e l d .  
The b a r r i e r  may b e  a  p o i n t  c o n t a c t  of one superconduc to r  upon t h e  o t h e r ,  o r  
a  c o n s t r i c t i o n  i n  a  s u p e r c o n d u c t i n g  r i n g .  By a p p l y i n g  a  t i m e  dependent  f l u x  
o r  c u r r e n t  t o  a  "weak l i n k "  such a s  a  c o n s t r i c t i o n ,  t h e  c r i t i c a l  c u r r e n t  v a l u e  
th rough  t h e  weak l i n k  may b e  p e r i o d i c a l l y  exceeded d r i v i n g  t h e  weak l i n k  o u t  
of  t h e  ze ro -vo l t age  c o n d i t i o n .  Hence, an  AC v o l t a g e  w i l l  be  produced a c r o s s  
t h e  weak l i n k  which v a r i e s  p e r i o d i c a l l y  a t  t h e  same r a t e ,  and whose ampl i tude  
depends on t h e  background DC magnet ic  f i e l d  p r e s e n t .  I n  p r a c t i c e  a  feedback 
scheme is  employed t o  m a i n t a i n  t h e  f l u x  through t h e  loop  ( o r  t h e  c u r r e n t  th rough  
t h e  weak l i n k )  c o n s t a n t ,  and t h e  c o n t r o l  s i g n a l  i s  t h e  i n s t r u m e n t a l  o u t p u t .  
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Josephson magnetometers a r e  s u f f i c i e n t l y  s m a l l  ( a  few c u b i c  m i l l i m e t e r s )  t h a t  
i t  a p p e a r s  f e a s i b l e  t o  c o n s t r u c t  a  d i f f e r e n t i a l  (g rad iomete r )  sys tem w i t h  l i n e a r  
d imensions  of  t h e  o r d e r  of a  f o o t .  E s s e n t i a l l y ,  2 superconduc t ing  c o i l s  a r e  
connected i n  s e r i e s  o p p o s i t i o n ,  w i t h  a  weak l i n k  i n  t h e  c i r c u i t  s o  t h a t  t h e  
sys tem i s  s e n s i t i v e  o n l y  t o  d i f f e r e n c e s  i n  t h e  f l u x  a c r o s s  t h e  2  c o i l s .  
Provided t h e  c o i l s  a r e  i d e n t i c a l  (and t h i s  r e s t r i c t i o n  i n  p r a c t i c e  p l a c e s  
a  l i m i t  on t h e  a t t a i n a b l e  s e n s i t i v i t y ) ,  t h i s  t r a n s l a t e s  i n t o  a  measurement of 
t h e  d i f f e r e n c e  i n  magnet ic  f i e l d  s t r e n g t h s  a t  t h e  p o s i t i o n  of t h e  2  c o i l s  
and,  hence,  t o  a  measurement of  t h e  magnet ic  f i e l d  g r a d i e n t .  
I t  seems p o s s i b l e  t h a t  sys tems such a s  t h e  one u s t  o u t l i n e d  would have f i e l d  
g r a d i e n t  s e n s i t i v i t i e s  i n  t h e  range of  10-8-10-4 (amps/meter) /mete r .  However, 
t h e r e  a r e  s t i l l  s e v e r a l  major e n g i n e e r i n g  d i f f i c u l t i e s  t o  be  overcome a s  w e l l  
a s  some u n c e r t a i n t i e s  i n  t h e  n a t u r e  of t h e  n o i s e  environment t o  which g rad io-  
mete r s  w i l l  be  exposed.  Hence, some y e a r s  of e f f o r t  w i l l  be r e q u i r e d  f o r  
p r o g r e s s  from t h e  l a b  t o  t h e  f i e l d  i n s t r u m e n t  s t a g e .  The above v a l u e s  f o r  
t h e  s e n s i t i v i t y  a t t a i n a b l e  i n  p r i n c i p l e  have been a r r i v e d  a t  a s  a  r e s u l t  of 
c o n s i d e r i n g  i n h e r e n t  l i m i t a t i o n s  imposed by such f a c t o r s  a s  c o n s t r u c t i o n a l  
t o l e r a n c e s  and the rmal  f l u c t u a t i o n s .  
C . CONCLUDING REMARKS 
I t  w i l l  be  no ted  t h a t  t h e  above Josephson-type g rad iomete r  s e n s i t i v i t i e s  
a r e  n o t  good enough f o r  d e t e c t i n g  s igna.1  f i e l d  g r a d i e n t s  e q u a l  t o  t h o s e  of  
t h e  n o i s e  d i s p l a y e d  i n  Table  2 .  Hence, t h e  cor responding  d e t e c t i o n  ranges  
w i l l  b e  reduced t o  anywhere from 80% t o  30% of t h e  v a l u e s  f o r  rid quoted 
t h e r e ,  b u t  may s t i l l  remain abou t  twice  a s  l a r g e  a s  t h e  d e t e c t i o n  ranges  rd  
f o r  t h e  f i e l d s  themselves .  I n  view of t h e  c u r r e n t  development s t a t u s  of 
t h e s e  g rad iomete rs  and t h e  e n g i n e e r i n g  d i f f i c u l t i e s  t h a t  remain,  t h e  
Josephson grad iomete r  sys tem i s  n o t  worth  pursu ing  f u r t h e r  a t  t h i s  t ime 
f o r  Bureau of Mines communication and l o c a t i o n  a p p l i c a t i o n s .  
However, t h e  t echn ique  of  u s i n g  a  r o t a t i n g  b a r  magnet a s  an underground 
emergency s o u r c e  f o r  EM l o c a t i o n  may be worth  a  b i t  more c o n s i d e r a t i o n ,  
e s p e c i a l l y  i f  t h e  l i g h t e r  and lower  c o s t  barium f e r r i t e  m a t e r i a l  cou ld  be  
used.  Then a  16-inch l o n g  2-inch-square b a r  magnet w i t h  a  magne t ic  moment 
of abou t  250 amp-m2 would weigh on ly  about  5  l b s .  I f  t h i s  b a r  a l s o  had a 
h o l e  through i t  midway between t h e  end p o i n t s ,  i t  cou ld  then  be  mounted 
by a  t r apped  miner t o  a  conven ien t  e n t r y  w a l l ,  l i k e  s a y  a  p r o p e l l e r  o r  
p inwheel ,  by s imply p a s s i n g  a  s p i k e  through t h e  h o l e  i n  t h e  magnet and 
d r i v i n g  t h e  s p i k e  i n t o  t h e  w a l l  w i t h  a  hammer. The magnet cou ld  then  be  
e a s i l y  r o t a t e d  manually l i k e  a  p r o p e l l e r  by s p i n n i n g  i t  o r  c r a n k i n g  i t  
around.  Such a  s imple  and rudimentary  scheme appears  t o  be worth  a  c l o s e r  
examina t ion ,  p a r t i c u l a r l y  s i n c e  i t  r e q u i r e s  no electr ical  power. 
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V. PRELIMINARY FEASIBILITY EXPERIMENT FOR A MINE WIRELESS ALARl4 SYSTEM 
INTRODUCTION 
One Bureau of  Mines approach f o r  p rov id ing  an e f f e c t i v e  and low c o s t  
wireless a la rm system t o  a l e r t  mine s u r f a c e  personne l  of mine emergency 
s i t u a t i o n s  and l o c a t i o n s ,  i s  one u t i l i z i n g  manually-actuated, address-  
a b l e ,  w i r e l e s s  f i r eboxes  l o c a t e d  a t  s t r a t e g i c  l o c a t i o n s  i n  a mine. 
These f i r eboxes  would be  a c t u a t e d  by miners a t  t h e  scene ,  o r  wh i l e  
f l e e i n g  t h e  scene ,  i n  much t h e  same manner a s  s u r f a c e  community f i r e  
a larm boxes.  These boxes could a l s o  s e r v e  a s  miner l o c a t i o n  dev i ce s ;  
marking an escape  r o u t e  fol lowed by miners  who ac tua t ed  t h e  boxes a s  
they  passed them, and i n d i c a t i n g  t h e  r e s t i n g  p l a c e s  of t rapped  miners  
o r  t h e  cont inued e x i s t e n c e  of l i f e  a t  a l o c a t i o n  i f  t h e  boxes were 
capable  of  be ing  r e a c t i v a t e d  and reused .  
A p o t e n t i a l l y  a t t r a c t i v e  candida te  f o r  such a f i r e b o x  system is  a s imple  
s i n u s o i d a l  s e i smic  f o r c e  gene ra to r ,  s i m i l a r  t o  a sma l l  p o r t a b l e  u n i t  
developed f o r  t h e  Limited Warfare Lab (LWL) s e v e r a l  yea r s  ago, i f  used 
w i t h  geophones and a narrowband waveform ana lyzer  on t h e  s u r f a c e .  
This  approach appeared p a r t i c u l a r l y  a t t r a c t i v e  because of t h e  i n h e r e n t  
s i m p l i c i t y  of t h e  gene ra to r  and t h e  d e t e c t i o n  advantages o f f e r e d ,  i n  
t h e  presence  of background se i smic  n o i s e ,  by t h e  s i n u s o i d a l  f o r c e  (and 
corresponding displacement)  s i g n a l  produced by t h e  gene ra to r .  A c a l l  
t o  t h e  LWL i n v e s t i g a t o r s  r evea l ed  t h a t  l i t t l e  documentation e x i s t e d  
regard ing  LWL tests wi th  t h e  dev ice .  The p r i n c i p a l  i n v e s t i g a t o r s  could 
on ly  remember t h a t :  d e t e c t i o n  ranges  of 300-400 yards  w e r e  ob ta ined  by 
us ing  t h e  gene ra to r  w i t h  t h e  narrowband r e c e i v e r  and t h a t  background 
se i smic  n o i s e  was g e n e r a l l y  t h e  l i m i t a t i o n  t o  performance. 
R e l i a b l e  exper imenta l  d a t a  was indeed n o t  a v a i l a b l e  f o r  t h e  f o r c e  gener- 
a t o r  and i t s  p o s s i b l e  d e t e c t i o n  range ,  s o  a s imple  crude experiment was 
de f ined  and performed t o  s e e  i f  t h e  approach was worth pursu ing  f u r t h e r .  
The r e s u l t s  ob t a ined  were p o s i t i v e  enough f o r  us  t o  recommend t h a t  ano the r  
s imple  bu t  more r e f i n e d  experiment was worth doing,  i n  a c o n t r o l l e d  mine 
environment such a s  t h e  Bruceton Sa fe ty  Research mine, t o  s e e  i f  f u r t h e r  
i n v e s t i g a t i o n  i s  war ran ted .  
EQUIPMENT 
The equipment used f o r  t h e  experiment is  shown i n  b lock  diagram form i n  
F igure  1 and desc r ibed  below. 
(1) f o r c e  gene ra to r ,  
(2)  senso r  and a s s o c i a t e d  a m p l i f i e r s  and f i l t e r s ,  and 
(3) minicomputer narrowband waveform ana lyze r .  
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A s i n u s o i d a l  f o r c e  gene ra to r  s i m i l a r  t o  t h e  LWL u n i t  was ob t a ined ,  on 
l o a n ,  from a l o c a l  ADL c l i e n t  f o r  whom we had f a b r i c a t e d  such a u n i t  
some t ime ago f o r  ano the r  a p p l i c a t i o n .  A photograph of  t h e  f o r c e  gen- 
e r a t o r  i s  shown i n  F igure  2 .  This  gene ra to r  produces a v e r t i c a l  s i n e  
wave of  f o r c e  by counte r  r o t a t i o n  of two unbalanced l oads  ( 1  l b .  weigh ts )  
a t t a c h e d  t o  two s h a f t s .  Rota t ion  of t h e  s h a f t s  is  by a geared-up hand 
crank.  The f o r c e  produces s i n u s o i d a l  s e i smic  waves i n  t h e  ground, which 
a r e  in - tu rn  sensed by a geophone and de t ec t ed  i n  t h e  presence of n o i s e  
a f t e r  narrowband a n a l y s i s  o r  f i l t e r i n g .  
The v e r t i c a l  f o r c e  waveform produced by t h i s  gene ra to r  i s  given by f ( t ) =  
2 2mw r s i n  w t ,  where m i s  t h e  mass of  each weight ,  w i s  t h e  angula r  r o t a -  
t i o n  f requency and r i s  t h e  r a d i u s  of t h e  e f f e c t i v e  c e n t e r  of  each weight  
from t h e  a x i s  of i t s  s h a f t .  This  u n i t  produces approximately 140 l b s  o f  
peak f o r c e  (280 l b s .  peak-to-peak) when t h e  weights  a r e  r o t a t i n g  a t  a 
20 Hz r a t e .  
This  p a r t i c u l a r  gene ra to r  can b e  used most s imply by f i n n l y  s ecu r ing  i t  
t o  a t r e e ,  f i r m l y  p l an t ed  p o l e ,  o r  v e r t i c a l  member, by means of t h e  
a t t a ched  b e l t  and t e n s i o n  adjustment  screws. Tension must b e  s u f f i c i e n t  
t o  p revent  s l i p p a g e  up and down dur ing  ope ra t i on .  The gene ra to r  i s  
opera ted  by t u r n i n g  t h e  handcrank s lowly a t  f i r s t ,  and then  i n c r e a s i n g  
t h e  speed t o  t h a t  corresponding t o  t h e  d e s i r e d  frequency. The speed i s  
then  maintained by observ ing  t h e  speed i n d i c a t o r ,  a crude v i b r a t i n g  r eed  
temporar i ly  a t t a c h e d  t o  t h e  gene ra to r  f o r  t h i s  experiment.  Opera t ing  
f requenc ies  i n  t h e  v i c i n i t y  of 20 Hz were de s i r ed  f o r  t h i s  experiment.  
The s enso r  was a Mark Produc ts ,  I n c . ,  Model L-1B geophone w i th  550 ohm 
outpu t  impedance. The geophone was connected t o  t h e  a m p l i f i e r s  and 
f i l t e r s  v i a  approximately 100 f e e t  of geophone cab l e .  The p r e a m p l i f i e r  
was a P r ince ton  Applied Research (PAR) Model CR-4 w i th  a d j u s t a b l e  upper 
and lower cut-off  f r equenc i e s .  The f i l t e r  was a Krohn-Hite Model 3200 
lowpass f i l t e r  wi th  a 2 4 d ~ l o c t a v e  r o l l - o f f  r a t e  ( t h e  lowpass cut-off  
was set t o  40Hz). A Tek t ron ix  scope plug-in  u n i t  was a l s o  used a s  an 
a m p l i f i e r  t o  g e t  a d d i t i o n a l  ga in ,  because t h e  PAR u n i t  d i d  n o t  p rov ide  
an ou tpu t  v o l t a g e  l a r g e  enough t o  e f f i c i e n t l y  d r i v e  t h e  A I D  conve r t e r  
of t h e  s i g n a l  p roces s ing  and a n a l y s i s  equipment. 
The narrowband waveform ana lyze r  used was a Computer S i g n a l  P roces so r s ,  
I nc .  (CSPI) CSS-3 d i g i t a l  s i g n a l  p rocess ing  system l i k e  t h a t  purchased 
f o r  t h e  Bureau of  Mines CMRSS se i smic  l o c a t i o n  subsystem. It i s  shown 
i n  b lock  diagram form i n  F igure  3. The CSS-3 c o n s i s t s  of a Varian 620R 
minicomputer and an ex t ens ive  s i g n a l  p rocess ing  sof tware  package; a 
minimum of  8192 words of core  memory; a 12-bi t  A/D conve r t e r  and two 
12-b i t  D/A c o n v e r t e r s ;  a CRT d i s p l a y ,  d i s p l a y  cu r so r  and a x i s  gene ra to r ;  
an X-Y p l o t t e r  i n t e r f a c e ;  and a t e l e t y p e w r i t e r  w i th  paper  t a p e  r e a d e r  
and punch. The CSS-3 system was used f o r  t h i s  experiment because:  i t  
could prov ide  t h e  f l e x i b l e ,  r e a l - t ime ,  h igh- reso lu t ion  spectrum a n a l y s i s  
d e s i r e d  t o  d e t e c t  a s i n u s o i d a l  s e i smic  s i g n a l  i n  t h e  mids t  of h igh  
s e i smic  background n o i s e ;  t h e  Bureau of  Mines p r e s e n t l y  has  two of t h e s e  
CSS-3 systems i n  i t s  inven to ry ;  and CSPI which i s  convenien t ly  l o c a t e d  
i n  t h e  Boston a r e a  was most coopera t ive  i n  p rov id ing  a demonstrat ion of 
t h e  CSS-3 by making i t  a p a r t  of t h i s  experiment performed a t  t h e i r  p l a n t  
i n  Bur l i ng ton ,  Mass. 
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FIGURE 2 SEISMIC SINE WAVE FORCE GENERATOR 
Weight - 200 Ibs. 
Dimensions - Height 48 .5 ,  Width 22". Depth 26.5" 
FlGUR E 3 SIMPLIFIED CCS-3A AND B FUNCTIONAL DIAGRAM 
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A Tekt ronix  p o r t a b l e  scope and t ape  r eco rde r  were used t o  monitor t h e  
rece ived  s i g n a l s  and background n o i s e ,  t h e  t ape  r eco rde r  being used t o  
playback some of t h e  more i n t e r e s t i n g  waveforms through t h e  CSS-3 f o r  
a d d i t i o n a l  a n a l y s i s  us ing  d i f f e r e n t  r e s o l u t i o n s  o r  o t h e r  a n a l y s i s  
parameters .  
C . EXPERIMENT 
The experiment w a s  performed l a t e  i n  t he  a f te rnoon of 8 May 1972 by 
R. Lagace and R. Spencer of ADL and M. Schrage and J. Ferguson of CSPI 
a t  t h e  CSPI p l a n t  i n  i n t e r m i t t e n t  l i g h t  r a i n .  It was a quick ly  con- 
ceived and executed pre l iminary  experiment with a purposely l i m i t e d  
o b j e c t i v e :  t o  o b t a i n  an answer t o  t h e  ques t i on ,  "Is i t  p o s s i b l e  t o  
sense  and d e t e c t  over  moderate d i s t a n c e s  a s i n u s o i d a l  se i smic  s i g n a l  
generated by t h e  s m a l l  ADL f o r c e  genera tor  i n  t h e  midst  of background 
se i smic  n o i s e ,  by u s ing  a geophone and t h e  CSS-3 and i t s  h igh- reso lu t ion  
Fas t  Four i e r  Transform (FFT) rea l - t ime  spectrum a n a l y s i s  sof tware?" 
The spectrum a n a l y s i s  sof tware  i s  similar t o  t h a t  r e c e n t l y  used by NBS 
on a l a r g e  computer and by WGL on t h e  CSS-3 t o  analyze EM n o i s e  wave- 
forms i n  and above c o a l  mines. I n  p a r t i c u l a r ,  we began w i t h  t he  Basic  
CSS-3 Four i e r  Transform Funct ion,  which i s  equiva len t  t o  512 cons tan t  
bandwidth f i l t e r s  covering t h e  range from DC t o  a d e s i r e d  upper f r e -  
quency (50 Hz i n  our  experiment) ;  bu t  qu ick ly  changed t o  t h e  Zoom 
Four i e r  Transform Function which p l aces  a l l  t h e  512 narrowband f i l t e r s  
i n  a band about t h e  s p e c i f i c  f r equenc i e s  of i n t e r e s t ,  thereby provid ing  
g r e a t l y  i nc reased  r e s o l u t i o n  i n  t h e  Zoom frequency band. For t h i s  
experiment,  a 10-12 Hz band cen te red  around t h e  nominal gene ra to r  
frequency of 20 Hz was chosen. Analysis  bandwidths ( o r  r e s o l u t i o n s )  
of 0 . 1  Hz and 0.2 Hz were found t o  be t he  most p r a c t i c a l  w i th  r e s p e c t  
t o  t h e  h i g h e s t  r e s o l u t i o n  c o n s i s t e n t  w i th  good d e t e c t a b i l i t y  of a s i n e  
wave s i g n a l  from a source  whose frequency could n o t  be p r e c i s e l y  con- 
t r o l l e d  under t h e  manual ope ra t i ng  cond i t i ons .  During t h e s e  l i m i t e d  
t e s t s ,  s e v e r a l  a n a l y s i s  parameters were v a r i e d  i n  an at tempt  t o  f i n d  
those  most f avo rab l e  t o  t h e  p r e v a i l i n g  s i g n a l  and n o i s e  cond i t i ons .  
Values of 114 and 118 f o r  t h e  Zoom f a c t o r ,  and va lues  of 112 and 114 
f o r  t h e  exponent ia l  weight ing f a c t o r  f o r  averaging gave t h e  most use- 
f u l  r e s u l t s .  
S igna l  d e t e c t i o n  experiments were performed wi th  t h e  f o r c e  gene ra to r  
a t t ached  t o  t h r e e  d i f f e r e n t  o b j e c t s  i n  o r  ad jacent  t o  t h e  CSPI parking 
l o t ;  a te lephone po le ,  a t r e e ,  and an unhi tched t r a i l e r .  The app rop r i a t e  
l o c a t i o n  of t h e  o b j e c t s  and corresponding geophone l o c a t i o n s  a r e  shown 
i n  t h e  ske tch  of F igure  4.  No a t tempt  was made t o  bury t h e  geophone o r  
o therwise  provide b e t t e r  coupl ing t o  t h e  ground. 
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FIGURE 4 EXPERIMENT GEOMETRIES 
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When s i g n a l l e d  by t h e  l a b  team, t h e  f o r c e  gene ra to r  ope ra to r  cranked 
t h e  gene ra to r  a t  a s  cons t an t  a speed a s  he could main ta in  f o r  about one 
o r  two minute i n t e r v a l s .  The l a b  team i n  t u r n  processed t h e  incoming 
s i g n a l  and n o i s e  on t h e  CSS-3 i n  real- t ime t o  produce h igh- reso lu t ion  
s i g n a l  spectum p l o t s ,  wh i l e  a l s o  record ing  t h e  waveforms on magnet ic  
t a p e  f o r  l a t e r  r ep roces s ing  and a n a l y s i s  i f  d e s i r e d .  The s e i smic  back- 
ground n o i s e  was a l s o  analyzed and p l o t t e d  e i t h e r  j u s t  b e f o r e  o r  j u s t  
a f t e r  t h e  s i g n a l  was tu rned  on and o f f  r e s p e c t i v e l y .  The waveform mag- 
n i t u d e  (o r  "voltage") spectrum outpu t  was d i sp layed  on t h e  CRT on t h e  
f r o n t  of  t h e  CSS-3 cab ine t  and p l o t t e d  on t h e  a s s o i c a t e d  X-Y p l o t t e r ,  
bo th  on l i n e a r  s c a l e s  a s  opposed t o  dB s c a l e s .  To o b t a i n  t h e  s i g n a l  
power spectrum, t h e  p l o t t e d  v a l u e s  must be  squared.  
A s  a r e s u l t  of t h e  p r e l im ian ry  n a t u r e  of t h i s  exper iment ,  no a t tempt  was 
made t o  c a l i b r a t e  t h e  equipment, and though an i n i t i a l  a t t empt  was made 
t o  r eco rd  a l l  equipment ga in  s e t t i n g s  and ad jus tments ,  t h e  number of  
spur-of-the-moment changes made i n  t r y i n g  t o  op t imize  performance dur ing  
t h i s  s h o r t  experiment proved t o  be  t oo  burdensome t o  record  completely .  
Therefore  t h e  v e r t i c a l  s c a l e s  of t h e  s p e c t r a  a r e  n o t  c a l i b r a t e d  o r  i n  
a b s o l u t e  u n i t s  and may d i f f e r  from Figure  t o  F igure .  However s i n c e  t h e  
experiment cond i t i ons  were kept  t h e  same f o r  t h e  s igna l -p lus -no ise  and 
noise-alone runs  of each t es t ,  t h e s e  curves  i n  each F igure  can b e  com- 
pared d i r e c t l y  w i th  each o t h e r .  
1. The T r a i l e r  T e s t  ' 
The 135 f t .  t r a i l e r  test  was t h e  most s u c c e s s f u l  one of  t h e  a f t e rnoon ,  
producing a p o s i t i v e ,  extremely wel l -def ined d e t e c t i o n  and i d e n t i f i c a -  
t i o n  of  t h e  f o r c e  gene ra to r  s i g n a l ,  w i th  a vo l t age  s igna l - to -no ise  r a t i o  
i n  excess  of 8 t o  1, a s  dep i c t ed  i n  t h e  X-Y p l o t  of F igure  5 .  This  
success  was a t t r i b u t e d  t o  t h e  f i r m  at tachment  of  t h e  gene ra to r  t o  t h e  
t r a i l e r ,  t h e  good coupl ing  provided by t h e  t r a i l e r  t o  t h e  pavement on 
which t h e  geophone was a l s o  r e s t i n g  and we l l - con t ro l l ed  gene ra to r  
r o t a t i o n  frequency . 
2. The Telephone Pole  Tes t  
The o t h e r  tests were n o t  s o  d r ama t i ca l l y  s u c c e s s f u l ,  because of poor 
coupl ing  of t h e  gene ra to r  t o  t h e  medium i n  t h e  ca se  of t h e  t r e e  i n  t h e  
swamp and t h e  te lephone  po l e  i n  t h e  s idewalk ,  and poor frequency c o n t r o l  
i n  a lmost  a l l  c a se s .  F igure  6 is  an X-Y p l o t  f o r  t h e  te lephone  p o l e  t e s t ,  
a t r i a l  run t o  t e s t  t h e  equipment. The f o r c e  gene ra to r  was s t r apped  t o  
t h e  te lephone  po l e  and t h e  geophone p laced  above f i v e  f e e t  away on t h e  
s idewalk.  The Zoom FFT was no t  used i n  t h i s  f i r s t  run ,  bu t  only t h e  
Bas i c  F o u r i e r  Transform Funct ion.  So t h e  frequency s c a l e  i s  n o t  cen- 
t e r e d  around t h e  gene ra to r  frequency b u t  runs  from 0 t o  50 Hz, and a wider  
a n a l y s i s  bandwidth of  0.6 Hz i s  used. I n  s p i t e  of a somewhat i n s e c u r e  
p o l e  a t tachment  and a h igh  background n o i s e  environment be ing  s o  c l o s e  
t o  t h e  road ,  t h e  X-Y p l o t  revea led  a vo l t age  s igna l - to -no ise  r a t i o  
g r e a t e r  t han  7 t o  1 f o r  t h e  0.6 Hz bandwidth, which would i n c r e a s e  t o  a 
r a t i o  g r e a t e r  t han  12 t~ 1 i f  t h e  0.2 Hz bandwidth had been used. 


































































































































































































































































































































































































































































































































































Two more runs were made with the  generator  s trapped t o  t h e  telephone pole ,  
but  wi th  the  geophone placed about 40 f e e t  away on the  pavement of the  
parking l o t  which i s  approximately 8 f e e t  below the  l e v e l  of t h e  sidewalk, 
a s  shown i n  Figure 4. A vol tage  signal-to-noise r a t i o  of b e t t e r  than 3 / 1  
i n  a 0.2 Rz ana lys i s  bandwidth was observed d e s p i t e  the  f a c t  t h a t  frequency 
con t ro l  was poor. 
3. The Tree Tes t  
The t r e e  i n  the  swampy ground t e s t  was t h e  l a s t ,  and the  l e a s t  success- 
f u l  o r  conclusive one, p r imar i ly ,  we be l i eve ,  because of t h e  poor coupling 
t o  t h e  medium provided by t h e  swampy ground. The fo rce  genera tor  was 
a t tached t o  a t r e e  about 10 f e e t  beyond the  parking l o t  pavement, and 
approximately 300 f e e t  from the  geophone loca t ion  used f o r  the  previous 
t r a i l e r  135 foot  experiment. 
D. CONCLUDING REMARKS 
On t h e  whole, t h i s  prel iminary experiment with a smal l ,  low power s i n e  
wave force  genera tor  and the  CSS-3 processor ,  has y ie lded  extremely 
encouraging r e s u l t s  regarding the  p o t e n t i a l  u t i l i t y  of such a system a s  
an emergency wi re l e s s  alarm system fo:r coal  mines. I f  the 135-foot 
t r a i l e r  t e s t  r e s u l t s  shown i n  Figure 5 a r e  i n d i c a t i v e  of the  kind of 
performance one can expect when such ia force  genera tor  i s  well-coupled 
t o  t h e  medium and i t s  frequency adequately con t ro l l ed ,  then t h e  prognosis 
looks good. We be l i eve  t h a t  these  i n : i t i a l  r e s u l t s  a r e  favorable enough 
t o  j u s t i f y  another  simple but  more r e f ined  experiment, but  t h i s  time i n  
a con t ro l l ed  benign mine environment such a s  the  Bruceton Safety Research 
mine* t o  see  i f  a more comprehensive i n v e s t i g a t i o n  i s  warranted. Con- 
s i d e r a t i o n  should a l s o  be given t o  performing such an experiment with a 
new vers ion  of t h e  genera tor ,  which w i l l  f i t  i n t o  a package of about the  
same s i z e ,  bu t  be capable of providin,g a 1000 l b .  peak-to-peak fo rce  a t  
20 Hz, thereby inc reas ing  i t s  range of de tec t ion .  Such a u n i t  could be  
e a s i l y  and quickly b u i l t  with improveld frequency con t ro l ,  and more 
f l e x i b l e  ways of a t t ach ing  i t  t o  s t r u c t u r e s  found i n  mines. 
* A s  a prel iminary t o  an experimental t e s t  program i n  an appropr ia te  mine, 
J.  Powell of PMSRC and R. Spencer of ADL conducted some b r i e f  experiments 
a t  t he  Bruceton Safety Research mine using the  hand operated fo rce  gener- 
a t o r .  These t e s t s  were done on J u l y  12 and 13 ,  1972. The geophones 
(Geospace GS-llD), p reampl i f i e r s ,  f i l t e r s  and v i s i c o r d e r  of the  Bureau's 
CMRSS rescue system were used i n  the  experiments. Although success was 
experienced on t h e  su r face  a t  ranges near  40 f e e t ,  in-mine experiments 
with geophone-source ranges from 200 f e e t  t o  15 f e e t  showed no c l e a r l y  
d i s t ingu i shab le  r e s u l t s .  Re la t ive ly  wide r ece ive r  bandwidths of 5 t o  
20 Hz were used i n  these  experiments and the re  were ques t ions  of geo- 
phone and preampl i f ie r  i n t e g r i t y .  Further  work, a s  discussed above, 
i s  needed t o  e s t a b l i s h  the  c a p a b i l i t i e s  of such a fo rce  genera tor  system 
f o r  t 'firebox" app l i ca t ions .  
Arthur D Little, Inc. 
I BIBLIOGRAPHIC DATA SHEET I ADL-c-73912-VOL. I 3. \Pec ip ien t9s  A c c e s s i o n  No. I 
I Operat ional  Mine Communications. I "' 
I I 
. T i t l e  and  Subt i t l e  
SURVEY OF ELECTROMAGNETIC AND SEISMIC NOISE 
RELATED TO MIhTE RESCUE COMMUNICATIONS. VOL. I:. Emergency and 
17- Author (s )  Robert L. Lagace, Alfred G. Emslie, Martyn I?. Roet te r ,  
-5. Report Dace (Prepara t ion)  
-, January, 19 7 4 
Richard H a  Spencer,  e t  a l .  
9. Performing Organiza t ion  Name and  Address  
L i t t l e  (Arthur D . ) ,  Inc .  1 25 Acorn Park 
I Cambridge, Massachusetts 
8. Performing Organizat ion Rept .  
No. 
10. P r ~ j e c  t /Task /Work  Unit No. 
1 1. Cont rac t  /Grant No. 
USBM-H0122026 
sponsor ing  Organiza t ion  Name and Address 
U.S. Department of t h e  I n t e r i o r ,  Bureau of Mines, 
P i t t sbu rgh  Mining and Safe ty  Research Center ,  
4800 Forbes Avenue, 
P i t t sbu rgh ,  Pennsylvania 15213 
13. T y p e  of Report & Period 
Covered  FINAL 
Aug. 1971 - Dec. 1973 
I 15. Supplementary Notes I n i t i a t e d  under t h e  Coal Mine Health and Sa fe ty  Research Program. 
16- Absrracts Volume I of t h i s  r epor t  dea ls  with t h e o r e t i c a l ,  experimental,  and p r a c t i c a l  
implementation aspec ts  of t h e  U.S. Bureau of Mines programs r e l a t e d  t o  p resen t  and 
planned, emergency and ope ra t iona l ,  mine communications and miner l o c a t i o n  systems f o r  
underground coa l  mines, Tnvest igat ions,  eva lua t ions ,  experiments, and analyses  f o r  
t h e s e  programs were made; breadboard and prototype hardware was developed; and a s s i s t -  
ance given i n  the formulat ton and presenta t ion  (of technology t r a n s f e r  seminars on mine 
comunica t ions .  Major sub jec t  a r eas  t r e a t e d  i n  t h i s  volume are :  e lec t romagnet ic  no i se  
and i t s  measurement f o r  mine environments, e lectromagnetic  through-the-earth emergency 
and ope ra t iona l  mine communications and miner l o c a t i o n  systems; s i g n a l  propagat ion char 
a c t e r i s t i c s  f o r  wf re l e s s  and guided-wireless  r ad io  waves i n  coa l  mine t u n n e l s ,  and f o r  
mine h o i s t  s h a f t  and t r o l l e y  wire communications; a mine pager phone-to-public t e l e -  
phone in t e rconnec t ;  paging and two-way communications with roving miners; technology 
t r a n s f e r  seminars and a through-the-earth s tate--of- the-ar t  workshop on e lec t romagnet ic  
mine communications: and s e l e c t e d  topics  r e l a t e d  t o  the  above major a reas .  
17. Key Words and Document A n a l y s i s .  17a. Descr ip tors  
Mines-Communications Miner Locat ion 
Mines-Coal Electromagnetic Location 
Coal Mines Electromagnetic Noise 
Rescue Operat ions-Mines Electromagnetic Wave Propagat io 
Through-the-Earth Communications-Electromagnetic Technology Transfer  
Tunnel Communications 
Mobile Communications 
17c. COSATI Field/Group 
v 
18. Availabi l i ty  Statement  
i 
F O R M  N TIS-35 ( R E V .  3 - 7 2 )  












RIO DE JANEIRO 
TORONTO 
WIESBADEN 
